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PREFACE 


In  the  early  years  ol  aircraft  flight  navigational  means  were  primitive  and  could  contribute  to  hazardous  situations  in 
adverse  weather  conditions.  With  rapid  growth  in  the  military  and  civil  use  ol' aircraft  it  was  inevitable  that  satisfactory 
navigational  improvements  would  evolve.  Thus,  radio  aids  to  navigation  such  as  TACAN,  OMEGA,  LORAN,  VORTAC, 
DEC  C  A,  and  others  were  developed.  Additionally,  inertia)  systems  displayed  a  remarkable  growth  over  the  past  two 
decades,  and  now  proliferate  in  military  and  civil  applications.  The  necessity  to  develop  precision  position  determination 
systems  led,  inevitably,  to  the  1  RANSI I  satellite  system  used  in  both  military  and  civil  applications  at  sea,  and  relied  on 
the  relation  between  the  TRANSIT  satellite  ephemeris  and  the  time  history  of  the  doppler  signal  received  by  the  surface 
receiver  to  determine  position  with  precision. 

I  he  next  step,  though,  was  inevitable,  the  development  of  modern  precision  position  determination  systems  These 
are  embodied  in  several  principal  major  new  systems,  namely  NAVSTAR  GPS  (Global  Positioning  Satellite),  JTIDS  (Joint 
Tactical  Information  Distribution  System),  and  several  other  systems  receiving  interest  and  consideration.  Basically, 
these  systems  are  based  on  highly  precise  DME/trilateration  notions.  Of  course,  the  knowledge  of  the  precise  distance 
from  three  known  points  by  radio  DME  methods  (Phase  locked  loops,  for  instance)  enables  the  precise  determination  of 
one’s  own  position.  As  explained  in  greater  detail  in  this  book,  such  methods  rely  on  a  precision  clock  or  time  reference 
with  the  precision  ol  the  time  reference  dictating  the  precision  of  position  determination.  At  the  same  time,  an  "ultra” 
accurate  time  reference  suggests  a  time  reference  which  may  be  prohibitively  expensive  for  many  operational  users, 
military  or  civil.  Thus,  this  inaccuracy  in  a  user  s  clock  or  time  accuracy  can  be  viewed  as  an  additional  unknown,  and 
can  be  solved  tor  or  corrected  tor  with  a  fourth  measurement,  if  this  is  necessary.  Ihus,  four  precise  measurements  from 
four  precisely  known  points,  that  is,  a  precise  knowledge  of  satellite  ephemerides,  for  example,  enable  the  solution  of 
tour  unknowns  with  great  precision,  3  distances  or  ranges  and  a  time  correction,  and  thus,  the  determination  of  one's 
own  position  with  great  accuracy.  Both  GPS  and  JTIDS,  and  other  such  systems  rely  on  these  fundamental  notions  of 
trilateration,  and  coupled  with  today’s  rapidly  and  constantly  advancing  electronics  semiconductor  technology,  in 
addition  to  other  technologies,  make  such  systems  a  cost  effective  reality. 

It  is  worth  noting  here,  in  passing,  that  in  NAVSTAR  GPS  the  user  can  determine  his  position  with  great  accuracy, 
but  then  has  to  report  this  through  separate  means  to  a  larger  community,  if  this  is  necessary.  Wheras,  JTIDS  has  such 
sell -reporting  capability  as  a  built-in  feature,  of  course,  with  implications  on  the  system  and  the  equipment,  accordingly. 
Additionally,  with  respect  to  JTIDS  there  are  at  least  two  fundamental  schemes  for  operation  under  consideration.  TDM  A 
(  I  ime  Division  Multiple  Access)  and  DTDMA  (Distributed  TDMA).  Time  alone  will  necessarily  resolve  which  is  the  most 
cost  effective  scheme  in  the  military  operational  environment  where  A  J  margin  is  primarily  a  factor  for  concern.  Again, 
these  issues  are  treated  in  greater  detail  in  the  book.  Also  treated  in  greater  detail  in  the  book  are  the  different  classes  of 
user  or  receiver  equipment. 

I  est  results  on  systems  such  as  GPS  and  JTIDS  to  date  suggest  phenomenal  accuracy,  almost  near  zero  error.  The 
implications  then  expand  well  beyond  more  conventional  operational  notions  in  military  and  civil  applications.  Thus,  the 
near  zero  initial  errors  achievable  through  these  systems  have  profound  implications  for  PGM’s  (Precision  Guided 
Munitions)  of  a  wide  variety.  There  are  many  other  profound  implications  apparent,  and  many  others  that  will  become 
apparent  with  the  passage  of  time  and  the  learning  process  that  inevitably  follows  the  operational  utilization  of  such 
systems. 

It  is  a  pleasure  to  acknowledge  the  many  individuals  who  made  this  NATO  AGARDograph  possible.  First  of  all  the 
aid  and  support  of  the  previous  and  present  Guidance  and  Control  Panel  Chairmen,  Mr.  Morris  A.Ostgaard  and  Mr.  Peter 
Kant  was  invaluable.  Past  and  present  members  of  the  Guidance  and  Control  Panel  provided  support,  enthusiasm,  and 
many  valuable  suggestions.  An  especial  note  of  appreciation  is  due  to  the  Editor’s  longtime  friend  and  colleague.  Mr. 
Ronald  Vaughn,  who  carried  much  of  the  burden  in  planning  the  material  for  JTIDS.  The  support  of  the  National 
Delegate  Board  for  this  rather  substantial  project  is  also  greatly  appreciated.  Additonally ,  and  very  importantly,  the 
outstanding  support  and  very  competent  administration  in  this  highly  complex  undertaking  provided  by  the  past  and 
current  Guidance  and  Control  Panel  Executives.  Colonel  Michael  Cavenel  and  Colonel  J.C.  de  Chassey  is  gratefully 
acknowledged.  Finally,  the  contributions  of  the  many  co-authors  and  their  willing  and  enthusiastic  participation  in  this 
venture  is  gratefully  acknowledged.  May  this  volume  provide  them  ample  gratification  for  their  efforts  for  many  years  to 
come. 


Cornelius  T.Leondes 
"Editor 
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SUMMARY 


The  current  status  of  radio  navigation  includes  a  number  of  different  operational  and  developmental 
systems  which  offer  unprecedented  capability  to  a  wide  variety  of  air  and  marine,  civil  and  military 
users  at  varying  costs  and  levels  of  sophistication;  however,  this  status  is  likely  to  change  signifi¬ 
cantly  over  the  next  several  decades.  The  advent  of  the  Global  Positioning  System  offers  the  potential 
to  replace  the  function  of  several  existing  systems.  Significant  changes  are  also  occurring  with  regard 
to  the  number  of  users,  the  type  of  user  and  the  unigue  requirements  of  some  users.  The  current  govern¬ 
ment  concerns  over  the  proliferation  of  radio  navigation  systems  and  the  large  costs  of  developing  and 
operating  redundant  navigation  systems  may  result  in  a  smaller  number  of  systems  which  must  satisfy  a 
broader  range  of  user  requirements.  The  promising  future  of  radio  navigation  can  only  be  realized  by  a 
careful  planning  process  which  involves  all  segments  of  the  navigation  community  and  results  in  decisions 
on  which  systems  will  be  supported  over  what  periods  of  time  and  for  what  applications.  This  planninq 
process  includes  a  quantitative  assessment  of  user  requirements  in  a  common  format,  a  comparison  of 
candidate  system  capabilities  to  meet  user  needs,  and  cost  tradeoffs  versus  user  benefits,  implementation 
schedules  and  performance  measures. 


This  paper  addresses  the  life-cycle  costs,  user  requirements,  and  current  system  capabilities.  The 
life-cycle  costs  of  several  system  scenarios  are  first  presented  for  a  limited  segment  of  civil  air 
users  in  order  to  illustrate  the  large  magnitude  of  the  costs  involved.  Current  user  requirements  are 
summarized  for  air  and  marine  civil  users.  Finally,  the  technical  characteristics  and  operational  status 
of  several  current  systems  are  presented,  namely,  Loran-A,  Loran-C,  Omega,  VLF,  Decca,  VOR/DME,  and  TACAN. 

1.  INTRODUCTION 

The  art  and  science  of  radio  navigation  has  evolved  from  simple  non  directional  beacons  to  complex 
world-wide  systems  over  the  last  half  century.  It  is  now  entering  an  era  of  unparalleled  application 
to  air,  sea  and  land  users  both  military  and  civil,  as  well  as  unprecedented  changes  due  to  new  systems 
and  technology  improvements. 

The  spectrum  of  present  system  capabilities  ranges  from  very  low  frequency  systems  such  as  Omega 
which  provides  world-wide  coverage  at  relatively  low  cost,  to  Loran  and  Decca  which  offer  higher  accur¬ 
acy  and  reliable  signals  in  localized  areas,  to  solid-state  VORTAC  for  improved  enroute  and  terminal  air 
navigation,  to  limited-coverage  transit  satellite  navigation  for  marine  navigation.  The  advent  of  the 
Global  Positioning  System  (GPS),  with  its  high  degree  of  accuracy  and  world-wide  coverage,  provides  the 
potential  of  replacing  the  capability  now  provided  by  several  different  systems. 

At  the  same  time  these  major  changes  are  occurring  due  to  the  introduction  of  new  navigation  systems, 
sianificant  changes  can  also  be  foreseen  with  regard  to  the  type  of  users  and  user  requirements.  The 
rapid  increase  of  qeneral  aviation  in  the  U.S.  and  the  growing  number  of  helicopter  operations  is  chang¬ 
ing  the  mix  of  air  navigation  users.  The  requirement  of  these  users  as  well  as  the  emphasis  of  air 
carrier  operations  on  energy  management  will  motivate  the  implementation  of  two-  and  three-dimensional 
area  navigation.  The  increased  emphasis  on  safety  and  environmental  impact  in  coastal  confluences  and 
harbor  areas  establishes  a  requirement  for  more  precise  and  reliable  radio  navaids  to  replace  the  more 
conventional  audio-visual  aids  and  reliance  on  dead-reckoning  in  marine  navigation.  Perhaps  the  biggest 
change  in  the  user  community  will  be  in  the  land  user  segment.  The  civil  applications  for  vehicle 
position  location  may  eventually  result  in  one  of  the  largest  users  of  radio  navigation  systems.  The 
military  requirements  for  world-wide,  all-weather,  very  precise  navigation  for  air,  sea,  and  land  naviga¬ 
tion  are  clearly  the  most  demanding  of  all  requirements  which  have  lead  to  the  development  of  the  Global 
Positioning  System. 

With  the  unprecedented  rate  of  changes  in  both  system  capabilities  and  user  requirements,  there  is 
a  potential  for  a  proliferation  of  navigation  systems.  In  order  to  control  costs  and  assure  compatibility, 
navigation  management  planning  must  be  applied  on  a  coordinated  international  level. 


Historically,  many  of  the  existing  radio  navigation  systems  have  been  developed  for  a  military 
requirement  and  then  found  wide-spread  application  in  the  civil  sector.  Loran-C,  Omega,  and  now 
satellite  navigation  are  examples;  however,  once  a  radio  signal  suitable  for  navigation  is  broadcast, 
manufacturers  develop  and  promote  user  equipment,  a  user  base  is  established,  and  it  becomes  difficult  to 
phase  a  radio  navigation  system  out.  The  total  life-cycle  cost  of  any  radio  navigation  system,  including 
development,  operational,  maintenance,  and  user  equipment  costs,  is  very  large.  When  all  the  current 
and  planned  future  systems'  costs  are  aggregated,  the  cost  is  staggering;  hence,  a  current  focus  by  the 
U.S.  Government  is  to  limit  the  number  of  navigation  systems  to  avoid  redundant  capability.  The  resulting 
uncertainty  in  which  systems  will  be  implemented  or  phased  out,  when  and  where,  is  a  major  issue  which 
impacts  all  segments  of  the  navigation  community. 

The  government(s)  have  the  responsibility  to  operate  systems  which  will  satisfy  both  military  and 
civil  users  in  a  cost-effective  manner  over  a  particular  period  of  time.  This  responsibility  to  improve 
service  to  an  ever  wider  class  of  users  with  up-to-date  technology  is  bound  to  result  in  some  changes. 

Too  frequent  changes  cause  excessive  user  equipment  replacement  costs.  On  the  other  hand, commitment  to 


a  given  (fixed)  system  over  a  long  period  of  time  will  result  in  systems  which  do  not  incorporate  up-to- 
date  technology  and  therefore  may  not  provide  the  most  effective  service  for  any  given  period  of  time. 
Typically  a  long-term  system  which  satisfies  many  requirements  can  be  foreseen  (e.g.,  satellite  navigation) 
but  the  long  delays  of  implementing  such  a  system  require  some  interim,  albeit  less  effective,  system  which 
will  still  result  in  improvements  over  existing  systems.  Other  considerations  in  the  govenment  bodies  include 
how  to  spread  development  and  operational  costs  among  civil  users,  if  at  all;  and  whether  the  government 
should  be  concerned  about  total  costs  (system  development,  operation,  and  user  equipment  costs),  not  just 
those  costs  incurred  by  the  government.  Thus  the  government  planning  process  is  one  of  trying  to  improve 
the  performance  and  coverage  of  navigation  systems  based  on  up-to-date  technology  in  a  manner  which  is 
cost-effective  over  a  period  of  time  (typically  20-30  years).  Whereas  major  emphasis  in  the  past  has  been 
primarily  to  satisfy  mission  effectiveness  requirements  of  the  military,  it  now  appears  that  the  greatly 
increasing  civil  user  base  will  play  a  more  significant  role  in  influencing  which  navigation  systems  will 
be  supported. 

From  an  equipment  manufacturer ' s  point  of  view,  the  government  planning  process  results  in  uncertain¬ 
ties  with  regard  to  schedules  of  system  implementation,  decisions  on  which  competing  systems  will  exist, 
and  what  regulations  and  standards  will  be  effected.  There  is  little  incentive  for  manufacturers  to 
invest  in  the  development  of  equipment  which  has  a  limited  market.  Also  the  early  development  and  sales 
of  user  equipment  prior  to  a  complete  system  test  and  evaluation  and  standards  specification  may  lead  to 
premature  and  sometimes  unsafe  use  of  radio  navigation  signals. 

From  the  user  point  of  view  the  uncertainties  caused  by  the  government  planning  and  development 
process,  as  well  as  user  equipment  availability,  cause  the  greatest  penalties  of  all.  Investment  deci¬ 
sions  on  new  equipment  for  ships,  aircraft,  or  land  vehicles  become  difficult  due  to  uncertainties  of 
which  systems  will  be  available,  when,  where,  at  what  cost,  and  with  what  functional  capabilities;  as 
well  as  what  systems  may  be  required  by  government  regulations.  Equipping  with  current  systems  which 
are  protected  for  several  years  in  the  future  (e.g.  VOR/DME  for  aircraft)  is  perhaps  the  safest  decision; 
however,  the  price  that  is  paid  with  this  decision  may  be  the  ultimate  existence  of  non-up-to-date 
technology  and  perhaps  a  degradation  of  performance  or  economic  penalty  when  compared  to  the  use  of  the 
best  technology  and  latest  systems.  On  the  other  hand,  equipping  with  new  systems  prematurely  can  often 
result  in  poor  performance  due  to  incomplete  system  coverage  (e.g.  Omega),  or  unproven  user  equipment; 
and  may  also  result  in  equipment  which  at  some  later  date  is  obsolete.  This  situation  is  further  compli¬ 
cated  for  many  users  who  may  require,  or  be  required  to  have,  several  different  enroute  and  terminal 
aids.  For  example,  it  is  not  inconceivable  that  a  tanker  operating  between  the  United  States  and 
Europe  might  need  Loran-C  for  U.S.  waters,  Decca  for  Rotterdam  Harbor,  and  satellite  navigation  for 
high-seas  navigation. 

The  interdependency  of  all  segments  of  the  navigation  community  clearly  requires  careful  planning 
if  the  existing  potential  of  radio  navigation  is  to  be  realized  over  the  next  several  decades.  The 
essential  steps  in  such  a  planning  process  include:  (1)  quantifying  the  present  and  projected  future 
user  requirements  for  radio  navigation,  (2)  quantifying  the  capabilities  of  current  and  potential  future 
systems  and  comparing  them  against  the  requirements,  and  (3)  agreeing  on  a  time-phased  and  cost-effective 
mix  of  systems  which  will  satisfy  all  user  requirements. 

This  paper  focuses  on  those  elements  of  radio  navigation  systems  planning  which  have  been  identified 
in  the  U.S.  First  a  sunmary  of  those  system  costs  is  presented  for  a  limited  segment  of  the  navigation 
users  in  order  to  illustrate  the  magnitude  of  the  total  costs  involved.  Second,  those  user  requirements 
are  summarized  which  have  been  identified  to  date.  Finally,  the  operational  status  and  usage  of  those 
current  radio  navigation  systems  are  summarized  which  are  not  covered  in  subsequent  chapters;  namely, 

Loran-C,  Omega,  Decca,  VOR/DME,  TACAN,  and  non-directional  beacons. 

2.  LIFE-CYCLE  COSTS 

The  future  of  radio  navigation  is  highly  dependent  on  which  systems  the  government s )  support  and/or 
require.  Although  the  capabi’ity  of  systems  to  satisfy  user  requirements  is  the  primary  factor  in  these 
decisions,  system  costs  play  an  important  role  in  influencing  which  systems  will  be  supported  over  a 
particular  time  period  in  order  to  avoid  redundant  system  capability.  Total  system  costs  including  user 
and  government  costs  for  civil  and  military  users  are  difficult  to  assess;  however,  some  initial  steps 
have  been  taken  by  the  U.S.  Government  to  quantify  partial  life-cycle  costs  for  a  limited  segment  of 
users.  These  figures  are  summarized  in  this  section  in  order  to  illustrate  the  substantial  costs  which 
are  associated  with  the  development,  operation,  and  use  of  radio  navigation  systems. 

The  primary  motivation  for  the  analysis  of  life  cycle  costs  of  radio  navigation  systems  at  this 
time  is  the  potential  of  a  satellite  system  such  as  GPS  to  provide  the  necessary  navigation  capability 
to  a  broad  spectrum  of  military  and  civil  users.  Most  of  the  planning  and  system  development  which  has 
resulted  in  today's  radio  navigation  system  has  not  been  influenced  by  the  ultimate  existence  of  satel¬ 
lite  navigation;  hence,  the  major  cost  tradeoffs  now  involve  assessment  of  total  system  costs  of  exist¬ 
ing  systems  (including  planned  improvements  to  those  systems)  vs.  the  total  system  costs  assuming  the 

existence  of  satellite  navigation. 

A  recent  study  for  the  U.S.  Department  of  Transportation,  Federal  Aviation  Administration  [1]  has 
addressed  the  life-cycle  costs  of  civil  air  navigation  system  alternatives  when  applied  to  operations 
in  the  continental  U.S.  (CONUS),  Alaska,  off-shore  and  oceanic  regions.  These  alternatives  include: 

(1)  the  continued  use  of  VOR/DME  including  VORTAC  improvements,  (2)  a  transition  to  differential  Omega 
for  Alaska,  (3)  a  transition  to  Loran-C  for  all  regions  except  oceanic,  (4)  a  transition  to  GPS  for  all 

regions  and  the  retention  of  VOR  for  low  cost  users  in  the  CONUS  and  Alaska  regions,  and  (5)  a  transition 

to  GPS  for  all  civil  aviation  in  all  regions. 

The  cumulative  sts  through  the  year  2005  for  the  five  different  scenarios  are  shown  in  Figure  1. 

Both  user  and  FAA  costs  are  shown.  User  life  cycle  cost  impacts  are  limited  to  those  costs  associated 
with  replacing  enroute  navigation  avionics,  through  both  voluntary  and  mandated  retrof itting.  The  FAA 
costs  shown  in  Figure  1  were  limited  to  only  those  incremented  expenses  required  to  implement,  supple¬ 
ment,  operate  and/or  support  a  system  so  as  to  satisfy  those  requirements  established  for  U.S.  civil 
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Figure  1.  Air  Navigation  System  Alternatives  —  Cost  Comparison 
(Annual  Inflation  Rate  =  7%;  Cumulative  Cash  Outlay) 


aviation.  Thus  the  FAA  was  assessed  the  total  costs  required  for  the  implementation  and  operation  of  the 
second-generation  VORTAC  system.  The  costs  of  non-civil  aviation  systems  such  as  GPS  were  assumed  to  be 
borne  by  the  designated  operating  agency,  in  this  case  the  U.S.  military,  with  the  FAA  incurring  only 
those  costs  required  to  support  and  supplement  that  system  as  necessary  to  meet  the  U.S.  civil  aviation 
requirements.  The  shaded  areas  of  Figure  1  reflect  the  range  of  costs  attributable  to  variations  from 
the  nominal  implementation  and  transition  schedules  noted  in  the  legend. 

The  results  shown  are  based  on  preliminary  assumptions  of  user  costs,  i.e.,  avionics  costs,  and  are 
not  intended  to  be  conclusive,  particularly  the  cost  effectiveness  of  satellite  vs.  non-satellite  naviga¬ 
tion;  however,  with  the  availability  of  satellite  navigation,  the  potential  expansion  of  Loran-C  chains, 
and  the  upgrading  of  VORTAC,  there  is  the  potential  of  at  least  three  different  radio  navigation  systems 
which  could  satisfy  civil  air  users  in  the  U.S.  The  cost  as  shown  for  any  one  of  these  systems  is  about 
six  to  ten  billion  dollars  (assuming  variations  in  user  costs  and  implementation  schedules  as  shown). 
Clearly  there  is  a  need  for  careful  planning,  implementation,  and  potential  phase  out  of  radio  navigation 
systems  even  when  considering  only  the  civil  enroute  air  users  in  the  U.S. 

The  complete  quantification  of  radio  navigation  system  life-cycle  costs  must  include  all  classes  of 
users  for  each  system  in  order  to  provide  complete  system  cost  tradeoffs  and  subsequent  implementation 
and/or  phase-out  decisions.  The  extrapolation  of  total  life-cycle  costs  for  all  U.S.  radio  navigation 
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users  (military  and  civil  —  air  marine  and  land)  for  similar  system  scenarios  as  shown  in  Figure  1  clearly 
will  result  in  enormous  sums  of  money.  Furthermore,  the  strong  dependence  of  non-U. S. -users  (military 
and  civil)  on  U.S. -supported  systems  suggest  the  urgent  need  for  international  planning  for  the  future 
of  radio  navigation. 

The  two  essential  steps  in  the  navigation  planning  process  are  the  quantification  of  user  require¬ 
ments  and  the  comparisons  of  these  requirements  against  present  and  future  system  capabilities.  The 
status  of  user  requirements  and  an  assessment  of  current  radio  navigation  system  operational  capabilities 
are  summarised  in  the  two  succeeding  sections. 

3.  RADIO  NAVIGATION  SYSTEM  REQUIREMENTS 

The  first  step  in  planning  for  an  effective  mix  of  radio  navigation  systems  is  a  quantitative  assess¬ 
ment  of  user  requirements.  Since  the  future  of  radio  navigation  systems  will  likely  see  the  utilization 
of  a  small  number  of  systems  by  a  very  large  mix  of  air,  sea,  and  land  users  both  military  and  civil,  the 
assessment  of  requirements  must  be  achieved  in  a  common  format  in  order  to  compare  candidate  system  capa¬ 
bilities  against  user  requirements  effectively.  This  has  not  been  done  to  date  across  the  different  modal 
users  and  for  both  civil  and  military  users.  In  fact,  navigation  "requirements"  as  defined  today  vary 
from  international  agreements/government  regulations  such  as  the  requirement  for  VOR  for  IFR  flight  in  the 
U.S.  and  ICAO  states,  to  a  simple  statement  of  a  particular  user  need  such  as  the  navigation  accuracy 
required  by  a  fishing  boat  to  locate  fishing  grounds  or  traps. 

Requirements  vary  from  simple  specifications  of  a  navigation  system  for  one  vessel  or  aircraft  (inde¬ 
pendent  of  other  onboard  systems)  to  complex  system  specifications  where  the  navigation  system  requirement 
is  but  one  part  of  the  vehicle  performance  specification,  e.g.,  weapon  delivery,  or  of  an  overall  traffic 
control  system  effectiveness  and  safety  specification,  e.g.,  that  of  air  traffic  control  system.  Also, 
whereas  the  most  stringent  functional  requirements  such  as  accuracy  and  coverage  often  influence  the 
performance  of  a  particular  radio  navigation  system  design,  cost  is  also  a  valid  user  requirement;  hence, 
when  one  system  is  utilized  by  a  wide  range  of  users,  tradeoffs  exist  between  overall  system  performance 
and  user  equipment  costs. 

The  quantification  of  user  requirements  in  some  common  format  is  not  only  complex  because  of  the  dif¬ 
ferent  requirements  among  users  but  also  because  many  of  the  individual  user  requirements  are  changing. 

These  changes  include  the  number  of  users  (which  affects  user  equipment  costs),  the  increasing  use  of 
radio  navigation  by  new  classes  of  users  with  unique  requirements,  and  the  increasing  dependence  of  navi¬ 
gation  user  equipment  on  other  onboard  systems  as  well  as  external  systems. 

A  significant  increase  in  the  number  of  civil  radio  navigation  users  can  be  expected  for  air,  sea, 
and  land  applications.  The  projected  increase  in  general  aviation  (including  business  aviation)  and 
helicopter  operations  will  change  both  the  total  number  of  air  users  as  well  as  the  mix  (when  compared 
to  the  relatively  stable  air  carrier  market).  The  projected  increase  in  maritime  world  shipping,  in  the 
world  fishing  fleets,  and  other  maritime  applications  as  well  as  the  more  widespread  use  of  radio  naviga¬ 
tion  systems  by  maritime  operators  can  be  expected  to  result  in  a  greatly  increased  number  of  maritime 
users.  The  use  of  radio  navigation  by  land  vehicles  for  position  location  is  new,  but  could  involve 
several  million  vehicles.  Althouqh  military  forces  may  not  increase  significantly  over  the  next  several 
decades,  the  wider  spread  use  of  radio  navigation  by  the  military  can  be  anticipated.  For  example,  the 
application  of  GPS  to  manpacks  is  a  relatively  new  application. 

In  addition  to  the  increased  number  of  applications  of  radio  navigation,  the  specific  requirements 
of  many  users  are  changing.  Requirements  for  off-shore,  remote  area,  and  oceanic  navigation  will  increase 
coverage  requirements  for  air  navigation.  The  threat  of  marine  collisions  and  groundings  to  the  environ¬ 
ment  as  well  as  human  safety,  and  the  existence  of  larger  merchant  ships  with  more  difficult  maneuvering 
requirements  all  tend  to  support  the  increased  use  of  radio  navigation  systems  by  the  maritime  community 
as  a  replacement  for  and/or  complement  to  audio-visual  systems  and  dead-reckoning.  The  requirements  of  the 
military  for  precise  weapon  delivery,  world-wide  coverage,  and  all-weather  operations  are  the  most  stringent 
of  all  which  have  lead  to  the  development  of  GPS.  The  increases  in  fuel  costs  have  lead  to  meaningful 
economic  payoffs  for  more  accurate  track-keeping  capability  for  both  ships  and  aircraft. 

The  specifications  of  navigation  requirements  often  are  highly  dependent  on  other  onboard  systems, 
external  systems,  and  higher  level  performance  measures.  For  example,  requirements  for  military  naviga¬ 
tion  systems  for  weapon  delivery,  track-keeping  performance,  and  other  mission  requirements  are  coupled 
with  the  performance  of  guidance  and  control  systems,  and  other  avionics  sensors.  Civil  air  navigation 
requirements  consider  signal -in-space  characteristics,  onboard  navigation  receivers,  flight  technical 
and  computer  errors,  as  well  as  specified  airspace  requirements  and  safety  (collision  risk)  measures. 

The  desire  of  air  carriers  to  improve  energy  management  through  profile  optimization  is  dependent  on 
accurate  three-dimensional  area  navigation.  Recent  studies  by  the  Coast  Guard  f 2 ]  have  addressed  the 
interaction  of  the  mariner,  the  ship  dynamics,  the  external  environment  (winds,  current)  and  navigation 
system  specification  to  achieve  a  safe  and  expeditious  flow  of  traffic  through  waterways. 

The  variety,  complexity  and  changing  nature  of  user  requirements,  as  well  as  the  overall  concern  for 
the  costs  of  operating  duplicative  radio  navigation  systems,  have  lead  to  several  planning  activities 
within  the  U.S.  Government.  The  U.S.  Department  of  Transportation  (DOT),  as  the  primary  agency  responsible 
for  providing  civil  navigation  systems,  is  conducting  and  sponsoring  several  radio  navigation  system  plan¬ 
ning  and  requirements  activities.  The  DOT  issues  the  U.S.  National  Plan  for  Navigation  [3]  which  promul¬ 
gates  the  current  civil  user  requirements  and  system  status.  The  equivalent  military  requirements  are 
contained  in  the  Joint  Chiefs  of  Staff -- Master  Navigation  Plan. 

3. 1  Air  Navigation  Requirements 

The  requirements  for  international  civil  air  navigation  are  established  by  agreement  of  the  member 
states  of  the  International  Civil  Aviation  Organization  (ICAO).  U.S.  domestic  requirements  include  the 
broad  requirements  of  the  U.S.  Department  of  Transportation  National  Plan  for  Navigation  and  more  specific 


requirements  established  by  the  Federal  Aviation  Administration  Federal  Aircraft  Regulations  (FAR's) 
and  Advisory  Circulars.  Civil  air  navigation  requirements  are  more  complete  than  most  other  requirements 
in  the  sense  that  they  consider  interaction  with  other  fliqht  systems  and  they  are  generally  specified 
based  on  an  overall  performance  measure  such  as  safety,  minimum-distance  economic  considerations,  and 
traffic  flow/airspace  planning  considerations, 

The  world-wide  air  navigation  requirements  of  ICAO  member  states  which  pertain  to  requirements  speci¬ 
fied  within  member  states  and  for  aircraft  flying  into  these  states  are  specified  in  five  ICAO  air  navi¬ 
gation  regional  plan  publications  [4|.  International  Standards  and  recommended  practices  are  specified 
in  Annex  10  Aeronautical  Telecommunications  (5),  which  includes  a  definition  of  the  short-range  aid  as 
being  VHF  omni-directional  range  ( VOR )  (required  through  1985).  Also  included  is  a  standard  for  Loran-A 
(since  being  discontinued).  Consol  or  nondi rectional  beacons  (NDB),  and  Distance  Measuring  Equipment 
(DME).  More  recently  at  the  9th  Air  Navigation  Conference  of  ICAO,  the  Minimum  Navigation  Performance 
Specifications  (MNPS)  was  adopted  on  a  world-wide  basis.  This  specification  is  intended  to  ensure 
safe  separation  of  aircraft  and  at  the  same  time  enable  operators  to  achieve  maximum  economic  benefit 
from  improvement  in  accuracy  of  navigation  demonstrated  in  recent  years.  This  concept  will  be  implemented 
first  in  the  North  Atlantic  Region  (NAT)  in  order  to  establish  standards  subsequent  to  the  withdrawal  of 
Loran-A  in  December  of  1977. 

The  MNPS  specifies  that  the  standard  deviation  of  lateral  track  errors  for  the  NAT  region  shall  be 
less  than  6.3  nm.  Equivalently,  an  aircraft  must  stay  within  12.6  nm  of  track  for  about  95%  of  the  time. 
Also,  the  proportion  of  the  total  flight  time  spent  by  aircraft  JU  nm  or  more  off  the  cleared  track  shall 
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be  less  than  5.3x10  (1  hour  in  about  200  flight  hours),  and  the  proportion  of  the  total  flight  time 

_  C 

spent  by  aircraft  between  50  and  70  nm  off  the  cleared  track  shall  be  less  than  13x10  (1  hour  in  about 

8,000  flight  hours).  Furthermore,  such  navigation  performance  capability  shall  be  verified  by  the  state 
of  registry,  the  state  of  the  operator  (notice  to  Airmen,  November  3,  1977).  As  an  aid  to  operators  for 
certifying  navigation  equipment,  the  FAA  has  issued  Advisory  Circular  AC  120-33,  "Operational  Approval  of 
Airborne  Long-Range  Navigation  Systems  for  Flight  Within  the  North  Atlantic  Minimum  Navigation  Performance 
Specification  Airspace."  The  intent  of  these  requirements  is  to  reduce  separation  of  aircraft  in  the  NAT 
region  from  120  nm  to  60  nm  laterally,  and  2,000  feet  vertically.  Implementation  of  these  standards  gen¬ 
erally  can  be  achieved  by  using  Omega  or  Omega/VLF  combinations  as  an  update  to  previously  approved  navi¬ 
gation  systems,  e.g.,  INS.  Additional  estimates  of  separation  requirements  (which  may  require  better 
navigation  systems  than  those  which  now  exist)  include  for  the  NAT  region: 


Year 

Lateral 

Alonc[  Track 

1977  .. 

30  nm 

1990  .  . 

20  nm 

2000  . . 

15  nm 

5  min 

Similar  standards  are  expected  for  other  high  density  routes  such  as  from  the  West  Coast  of  the  U.S.  to 
the  Pacific. 

For  the  oceanic  regions  where  dense  traffic  occurs,  the  criteria  for  requirements  are  not  only  safety 
but  also  lack  of  economic  penalty  from  flying  nonoptimum  origin- to-destination  tracks.  (Hence  the  need 
to  reduce  separation  requirements.)  The  requirements  for  long  distance  civil  air  navigation  established 
by  ICAO  on  9  November  1965  include  general  categories  listed  in  Table  1.  Although  these  requirements 
again  do  not  specify  particular  systems,  they  provide  broad  categories  which  must  be  complied  with  for 
any  navigation  system.  The  requirements  for  civil  aviation  in  the  U.S.  are  included  in  The  Federal 
Aviation  Regulations  (FAR)  part  91,  135,  and  121.  Also,  Advisory  Circular  90-45  specifies  requirements 
for  certifying  area  navigation  systems. 

The  preceding  paragraphs  have  summarized  existing  civil  aviation  regulatory  requirements.  These 
requirements  are  oriented  toward  current  systems,  international  agreements,  and  oceanic  navigation.  The 
Federal  Aviation  Administration  (FAA)  has  recently  sponsored  a  study  to  define  future  requirements  of  U.S. 


Table  1 

General  Considerations  for  Air  Navigation  Systems 


(_  i  v  i  J  aviation  which  is  independent  of  system  capability  |6).  This  study  foi  .  .-d  on  three  spc-cif  ;c 
qeueraphic  areas:  (1)  Continental  U.S.  (CONUS),  (?)  CONUS  low-altitude  off-shore,  and  (3)  Alaska.  •  Cl 
requirements  in  each  geographic  area  were  considered  as  well  as  current  and  anticipated  future  regulatory 
re-qui  remen  ts . 


The  Instrument  flight  Rules  (IfR)  navigation  requirement  ,  for  each  of  the  three  geograph  ares:  am 
shown  in  Table  ?  in  terms  of 


(1)  Coverage 
(?)  Accuracy 

(3)  Operational  Factors 

(4)  Capacity 

(  5 )  C  ompa  t i b i 1 i ty 
(6)  Signal  Reliability. 


'ne  format  of  these  results  is  such  that  it  can  be  combined  with  other  user  requirement  .  •  .  .  i  ■  iti 

and  ultimately  aggregate'  with  military  requ  rements  n  order  to  determin*  •.  .t  v-  oerf  •  ice 
of  candidate  navigation  systems. 


Vertical  coverage  requirements  are  based  on  controlled  airspace  boundaries.  Horizontal  coverage 
requirements  are  based  on  current  and  projected  air  traffic  needs. 


The  capacity  requirement  is  specified  as  be  ng  unlimited,  which  implies  tt  t  i.igati  system 

aider  consideration  must  be  able  to  accomodate  all  aircraft  accessing  it  at  jny  time. 


Compatibility  refers  to  the  interface  between  the  navigation  system  under  consideratiun  and  all  other 
syster  within  the  ATC  system  rrom  an  prrational  and  electri  al  pr  •  of  view. 


Signal  r el  at  ;  «• .  is  >  specification  )f  rtaximu  ign  jta  time  a  eptab  based  on  safety  con- 
siderat  ons . 


.2  Marine  Navigation  Reg,  -ments 

No  specific  international  requirements  (government  regulations)  exist  for  marine  navigation.  A 
fundamental  requirement  based  on  the  Safety  of  Life  at  Sea  (T.LAb'  convention  [7  specifies  basi  onboard 
equipmer  t.  The  pi  imary  object iv'  for  marine  aids  to  navigation  is  similar  (but  less  detailed)  tiian  the 
air  navigation  requirements,  mainly,  to  support  safe  and  economic  movement  of  vessels  from  point  of 


Table  2 

IT R  Navigation  System  Requir,  ents 


Operational  factors  relate  to  the  navigation  system  interface  with  the  other  AT.  cony  ner.c  .  n  nely. 
comnuni cat  ions ,  surveillance,  and  safety,  flexibility,  as  used  here,  has  to  do  w'th  the  ability  to 
accommodate  changes  easily  in  route  structur  ,  including  course,  altitude  and  fixes  or  waypoints,  ne 
acquisition  time  relates  to  the  time  to  activate  the  navigation  system  from  an  inactive  state  or  to  re¬ 
acquire  the  system  following  an  interruption.  This  time  is  also  representative  of  an  upper  bound  for 
position-fix  update  rates  in  that  the  maximum  time  between  ipdates  is  represented  hv  tr  <  re-acquisition 
'ines.  The  rest  uf  the  operational  factors  are  sel f-explanatory. 


racy  requirements  are  related  to  the  route  width  associated  with  the  route  structure  In  t  e 
National  Airspace  System,  ihe  requirements  are  the  same  for  CONUS,  Alaska,  and  jfishore. 


departure  to  point  of  arrival.  Adequate  posit  ion- 1 ixing  capability  is  required  which  is  not  limited 
bv  geographic  location  or  the  environment  (wind,  sea  state,  visibility). 

The  same  general  navigation  considerations  included  in  lable  1  also  apply  to  marine  navigation. 
Specific  needs  of  marine  navigation  have  been  promulgated  in  the  National  Plan  for  Navigation  for: 

(1)  high  seas,  (?)  coastal  confluence  areas,  and  (1)  harhor/harhot  entrances.  These  requirement s  are 
summarized  in  Table  3. 

Table  3 

Marine  Navigation  Requirements 
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The  requi r emeu f s  for  marine  navigation  in  the  high-seas  environment  as  shown  in  Table  3  are  in  gener 
al  similar  to  those  for  air  navigation.  The  major  exceptions  are  data  rate  and  the  method  of  display. 

The  similarity  between  air  and  marine  long-distance  navigation  aid  requirements  would  appear  to  provide 
motivation  for  internat ional  agreements  in  order  to  prevent  costly  alternatives  of  redundant  systems. 

T he  need  for  establishing  specific  requirements  for  coastal  confluence  areas  can  be  expected  to 
continue  because  ot  the  consequences  of  collisions,  groundings  and  strandings.  Recent  proposed  rules  by 
the  Coast  Guard  include'  for  U.S.  coastal  waters  a  requirement  for  all  vessels  over  1600  gross  tons  to  be 
equipped  with  one  of  the  following  systems: 

(1)  loran-C 

(2)  Satellite  and  some  dead-reckoning  device  such  as  a  Doppler  Sonar 

(3)  Any  system  equivalent  to  Loran-C  if  approved  by  the  U.S.  Coast  Guard  Commandant . 

Specifii  iiorformdncp  standarxis  for  Loran-C  have  been  established  by  IMCO  j8). 

The  trend  toward  wider  use  of  radio  navigation  aids  for  harbor  harbor  entrances  is  also  apparent. 
This  trend  is  clearly  motivated  by  larger  deep-draft  ships,  more  dense  traffic,  the  impact  of  a  collision 

between  ships  contdininq  hazardous  cargoes,  and  the  cost  of  maintaining  audiovisual  aids.  The  current 

requirement  for  Decca  in  Rotterdam  (tht»  brown  box  carried  aboard  by  the  pilots),  and  the  expected  require 
ments  for  a  radio  navigation  did  in  Gothenburg  are  good  examples  (if  this  trend.  Also,  experience  of 
maneuvering  large  ships  in  restricted  areas  (such  as  VlCCs  maneuvering  in  Antifer  Harbor)  has  indicated 
the  need  for  radio  navigation  systems  with  sufficient  accuracy  to  provide  rate  information.  Ihis  infor¬ 
mation  cannot  generally  be  provided  with  sufficient  accuracy  or  speed  by  visual  perceptions  alone. 


3. 3  Ground  Vehicle  Requirements 


There  are  presently  no  firm  requirements  for  ground  vehicle  navigation.  The  large  number  of  poten¬ 
tial  ground  vehicles  which  may  require  radio  navigation  have  been  identified  by  Gilbert  in  a  subsequent 
chapter.  Several  demonstration  projects  have  seen  sponsored  by  the  US.  Government  to  evaluate  the  use 
of  Loran-C  by  ground  vehirles  such  as  truck  fleets,  police  and  emergency  users.  Although  neither  firm 
requirements  nor  widespread  operational  usage  of  radio  navigation  currently  exists,  the  potentially  large 
number  of  users  in  this  group  is  certainly  sufficient  to  consider  this  application  in  any  future  naviga- 
t ion  system  planning. 

4.  RADIO  NAVIGATION  SYSTEMS  —  CIlRRfNT  STATUS 

This  section  summarizes  the  current  status  of  major  radio  navigation  systems  which  are  in  use  at  this 
time.  Included  are  a  summary  of  the  technical  and  operational  characteristics,  the  current  status  (avail¬ 
ability  and  coverage),  and  current  utilization.  Other  summaries  of  navigation  system  operation  and  per¬ 
formance  and  usage  are  included  in  Refs.  9-36.  Emphasis  here  is  placed  on  systems  which  are  relatively 
new,  are  not  completed  or  are  being  discontinued  or  expanded.  Also,  those  systems  which  are  utilized 
extensively  on  an  international  basis  or  are  currently  standards  for  usage  in  certain  countries  are  also 
discussed  in  detail . 

The  U.S.  policy  on  radio  navigation  aids  has  been  clarified  somewhat  in  recent  years  by  supporting 
the  use  of  certain  systems  in  specific  areas  for  particular  modes.  The  U.S.  Department  of  Transportation 
policy  on  radio  navigation  aids  is  defined  by  the  National  Plan  for  Navigation  |3|.  This  policy  includes: 

(1)  use  of  VORTAC  as  the  standard  short-range  navigation  aid  for  civil  aviation; 

(21  the  use  of  Loran-C  as  the  government-funded  navigation  aid  for  coastal  confluence  marine  navi¬ 
gation; 

(3)  the  continuance  of  support  for  nondirectional  beacons  for  both  air  and  marine  navigation.  Par¬ 
ticularly,  as  a  backup  for  civil  air  navigation,  a  major  part  of  the  navigation  system  where 
VORTAC  coverage  does  not  exist  such  as  in  Alaska,  and  as  a  low-cost  system  for  both  air  and 
marine  users; 

(4)  the  planned  phase-out  of  Loran-A; 

(5)  the  potential  use  of  NAVSTAR/GPS  for  civil  applications. 

In  addition,  the  U.S.  government  supports  the  international  Omega  hyperbolic  radio  navigation  system. 
Military  systems  include  TACAN  for  short-range  air  navigation,  Omeqa  for  air  and  marine  lonq-range  navi¬ 
gation  and  submarine  navigation,  Loran-C  and  -0  for  special  purpose  use  such  as  weapon  delivery,  and  the 
transit  satellite  system  for  long-range  marine  navigation  systems. 

The  above  systems  are  also  used  extensively  on  an  international  basis.  In  many  non-U. S.  coastal 
confluence  areas  and  harbor  entrances,  Decca  is  used  instead  of  Loran-C.  The  transit  system  is  described 
in  a  succeeding  paper  and  is  therefore  not  discussed  here.  Also,  other  radio  navigation  systems  such 
as  JTIO’s,  GPS  and  PLRS  are  covered  in  succeeding  papers.  Specialized  systems  such  as  precision  approach 
radars,  instrument  landing  systems.  Consul,  RACONS,  are  not  discussed  here  because  of  their  limited  usage 
or  as  terminal  guidance  systems. 

The  following  systems  are  summarized  in  succeeding  paragraphs: 

•  Loran-A 

•  Loran-C 

•  Omega 

•  Decca 

•  VOR/DME 

•  TACAN 

Figure  2  sunmarizes  the  implementation/operational  schedule  for  these  systems  |11). 

4 . 1  loran-A 

Description 

Loran-A  is  a  High  Frequency  (HF)  hyperbolic  radio  navigation  system  developed  during  World  War  11. 
Loran-A  chains,  usually  installed  along  a  coastline,  are  normally  comprised  of  a  master  and  two  secondary 
stations.  The  baseline  length  between  a  master  and  one  of  the  secondary  stations  is  generally  on  the  order 
of  200  miles.  At  these  frequencies,  attenuations  over  land  are  high,  but  reception  range  over  seawater 
extends  to  800  miles.  The  transmitted  signal  is  a  pulsed  carrier.  Station  pairs  are  identified  by  fre¬ 
quency  and  pulse-repitition  rates.  Each  chain  uses  one  of  three  carrier  frequencies;  I860,  1900  or  I960 
kHz.  Twenty-four  different  pulse  repetition  rates  are  used  ranginq  from  20  pps  to  34-1/9  pps.  Time 
difference  measurements  are  made  by  observing  the  time  delay  between  the  master  pulse  and  the  corresponding 
secondary  pulse  on  an  envelope  basis  by  using  an  oscilloscope. 

Accuracy 

Absolute  —  1  to  5  nm  (RMS) 

Repeatabi 1 i ty  —  Approaches  1,000  feet  (RMS). 
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Coverage 

The  loran-A  coverage  diagram  is  shown  in  Figure  3.  Ground-wave  coverage  is  provided  over  most  of 
the  navigable  coastal  areas  of  the  Northern  Hemisphere.  Nighttime  coverage  is  available  over  most  of  the 
oceanic  routes  of  the  Northern  Hemisphere. 

Status 

By  the  end  of  the  World  War  II,  over  70  stations  were  in  operation.  Reguirements  by  the  U.S. 
Military,  merchant  shipping  and  transoceanic  airlines  have  caused  the  system  to  remain  operational  to 
date.  It  has  been  estimated  that  there  are  between  SO, 000  and  100,000  users  of  Loran-A  today.  This 
includes  a  large  number  of  small  fishing  craft  whose  population  is  difficult  to  assess  because  their 
loran-A  sets  were  obtained  as  World  War  11  surplus  gear  or  second  hand.  loran-A  was  one  of  the  systems 
under  consideration  by  the  II. S.  Coast  Guard  to  meet  the  Coastal  Confluence  Region  requirements.  After 
exhaustive  studies  and  tradeoffs,  it  was  decided  to  select  Loran-C  to  serve  the  Coastal  Confluence 
Region.  This  was  officially  announced  in  May  1975.  At  the  same  time1,  an  orderly  phase-out  schedule 
of  the  loran-A  network  was  announced.  The  planned  termination  dates  tor  the  ll.S. -operated  loran-A  chains 
are: 
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Aleutian  Islands  .. 

..  31 
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Gulf  of  Mexico  . . . . 

..  31 

December 

19(10 

All  ll.S . -operated  overseas  stations  have  been  phased  out.  Some  additional  NAlll  stations  are  still 
operat ional . 

The  primary  replacements  for  Loran-A  are  expected  to  be: 

(1)  Omega  for  oceanic  air  navigation  and  marine. 

(?)  Loran-C  for  coastal  confluence  and  some  non-U. S.  areas. 

(3)  Transit  satellites  for  marine  high-sea  navigation. 

4.2  Loran-C 

Descript  ion 

loran-C  is  a  low-frequency  (IT)  hyperbolic  radio  navigation  system  developed  by  the  Department  of 
Defense  dur :  ig  the  1950's  to  meet  operational  military  requirements.  The  first  loran-C.  chain,  located 
alonq  the  ll.S.  last  Coast  became  operational  during  1959-1160.  loday  there  are  nine  chains  operat iona I 
with  a  total  of  twelve  expected  by  19B0.  The  transmitted  signal  is  a  pulsed  11X1  kHz  carrier.  Compared 
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Figure  3.  Loran-A  Coverage  Diagram 


to  the  HF  Loran-A  frequencies,  propagation  tosses,  particularly  over  land,  are  lower,  and  propagation 
stability  is  higher  at  100  kHz. 

These  factors  permit  the  use  of  longer  baselines  between  stations  which  increases  the  useful  coverage 
area  for  a  given  number  of  stations.  Baseline  lengths  are  on  the  order  of  600  miles  to  800  miles.  Useful 
signals  can  be  received  at  ranges  of  800  to  1?00  miles  from  the  stations.  Loran-C  chains  are  uniquely 
identified  by  their  pulse  Group  Repetition  Interval  (GRI).  GRl's  are  assigned  between  40,000  and  99,990 
microseconds  in  10-microsecond  steps.  During  one  GRI,  the  master  transmits  9  pulses  and  each  secondary 
transmits  8  pulses  as  illustrated  in  Figure  4.  The  ninth  pulse  from  the  master,  spaced  ?000  microseconds 
after  the  eiqhth,  is  intended  to  aid  in  identifying  the  master  signal.  Each  secondary  station  is  assigned 
a  unique  coding  delay  (CD)  which  is  used  for  identifying  the  secondary  signals  within  a  chain.  The  coding 
delay  is  the  time  between  the  master  signal  and  the  secondary  signal  as  observed  at  the  secondary  station. 
All  Loran-C  transmitting  stations  are  equipped  with  cessium  frequency  standards  which  allow  the  systems 
to  serve  as  a  very  stable  frequency  reference  for  any  user  within  ground-wave  range  of  any  Loran-C  sta¬ 
tions.  Similarly,  precise  time  is  made  available  by  synchronising  the  transmissions  to  Universal  Coordin¬ 
ated  Time  (UTC)  as  determined  by  the  U.S.  Naval  Observatory. 

Accuracy 

Absolute  —  1/4  -  1  nm  (RMS) 

Repeatability  —  30(1  ft  (RMS). 
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Figure  4.  Example  of  Received  loran-C  Signal 


Coverage 


The  Loran-C  coverage  diagram  is  shown  in  Figure  5.  Ground-wave  coverage  is  provided  over  most  of 
the  North  Atlantic,  the  Mediterranean,  the  Coastal  Confluence  Regions  of  CONUS,  Alaska,  and  Hawaii. 

The  Western  Pacific  is  covered  between  Japan,  the  Philippines,  and  Guam.  The  Southeast  Asia  chain  is 
now  decommissioned.  In  addition,  Alaska  is  covered  except  for  the  north  slope  and  CONUS  is  covered  except 
for  the  region  between  the  Rocky  Mountains  and  the  Mississippi  River. 

There  are  also  privately  owned  chains  using  low-power  commercial  transmitters  operating  in  the  Gulf 
of  Mexico,  the  Java  Sea,  and  the  North  Sea  1 35 1 .  The  U.S.  Coast  Guard  is  operating  a  low  power  chain 
covering  the  St.  Mary's  River  |35).  The  U.S.  Air  Force  operates  Loran-D  chains  covering  the  southwestern 
southeastern,  U.S.  test  ranges  and  Central  European  test  ranges  [35].  Loran-D  is  a  military  tactical 
system  which  operates  on  the  same  frequency  as  Loran-C,  but  with  lower  power  and  a  higher  pulse  rate. 
Military  receivers  are  designed  to  operate  with  either  Loran-C  or  Loran-D  signals. 

Status 


The  following  chains  are  currently  in  operation  by  the  U.S.: 
Coast  Guard: 

1.  U.S.  East  Coast  Chain  -  Rate  9930 

2.  U.S.  West  Coast  Chain  -  Rate  9940 

3.  West  Canadian  Chain  -  Rate  5990 

4.  North  Pacific  Chain  -  Rate  9990 

5.  Gulf  of  Alaska  Chain  -  Rate  7960 

6.  Northwest  Pacific  Chain  -  Rate  9970 

7.  Central  Pacific  Chain  -  Rate  4990 

8.  North  Atlantic  Chain  -  Rate  7930 

9.  Norwegian  Sea  Chain  -  Rate  7970 

10.  Mediterranean  Sea  Chain  -  Rate  7990 

11.  St.  Mary's  River  Chain  -  Rate  4970,  Low  Power 

U.S.  Air  Force 


1.  Southeast  U.S.  Test  Chain  -  Rate  3970,  Loran-C/D 

2.  Utah  Test  Chain  -  Rate  4970,  Loran-D 

3.  Central  European  Chain  -  Rate  2970,  Loran-D 
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Figure  5.  Loran-C  Coverage  Diagram 
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U.S.  Army 

1.  Fort  Hood  Chain  -  Rate  4970,  Loran-D 

Private  Industry 

1.  Gulf  of  Mexico  -  Rate  4864,  Low  Power,  Industrial  Location  Service 

2.  Eastern  USSR  Chain  -  Rate  5000 

3.  Western  USSR  Chain  -  Rate  8000 

The  following  additional  chains  are  scheduled  to  become  operational  by  the  U.S.  Coast  Guard: 

1.  Gulf  of  Mexico  Chain  (Operational  7/78) 

2.  Great  Lakes  Chain  -  Rate  9960  (Operational  2/ SO) 

3.  Mid-Continental  U.S.  (funding  not  approved). 

Most  of  the  present  Loran-C  users  are  either  military  or  maritime.  Military  applications  include 
aircraft,  ships,  manpacks,  and  some  land  vehicles.  Loran-C  has  been  in  use  on  the  U.S.  Navy's  Fleet 
Ballistic  Missile  Submarines  since  about  1960.  The  U.S.  Air  Force  has  been  using  Loran-C  on  aircraft  for 
tactical  applications  since  1968  and  has  used  Loran-D  as  a  tactical  ground  system. 

The  U.S.  Coast  Guard  randomly  sampled  navigation  practice  and  equipment  of  the  maritime  fleet  in  mid- 
1975  (3/|.  Of  the  vessels  boarded,  40*  were  equipped  with  Loran-C  receivers.  Vessels  under  U.S.  Flag 
comprised  21t  of  the  sample  and  701  of  these  were  equipped  with  Loran-C. 

Loran-C  is  one  of  the  options  available  to  the  users  of  Loran-A,  but  to  date  there  are  not  any 
serviceable  low-cost  receivers  available  for  civil  aircraft. 

Previous  proposed  rule-making  notices  by  the  U.S.  Coast  Guard  have  established  requirements  for 
Loran-C  for  all  vessels  of  1600  gross  tons  or  more.  Recent  modifications  to  these  proposed  rules  are 
expected  to  require  Loran-C  or  an  equivalent.  It  is  estimated  that  to  satisfy  this  requirement,  approxi¬ 
mately  400  U.S.  to  4000  foreiqn-flag  vessels  would  have  to  equip  with  Loran-C  or  an  equivalent  system. 

Loran-C  is  also  being  considered  as  a  position  locating  system  for  civil  emergency  vehicles,  rail¬ 
road  cars,  and  trucks.  These  considerations  have  been  stimulated  by  the  Department  of  Transportation 
studies  and  experimental  evaluations.  These  systems  are  often  referred  to  as  automatic  vehicle  monitor¬ 
ing  (AVM)  equipment.  Developments  in  this  area  and  future  implementation  is  expected  to  provide  a  large 
new  market  for  radio  navigation  aids. 

The  FAA  is  evaluating  Loran-C  as  a  replacement  or  supplement  to  the  V0R/DME  air  navigation  system 
over  CONUS  and  Alaska.  The  primary  advantage  offered  by  Loran-C  is  total  all-altitude  coverage  down  to 
ground  level  which  is  not  possible  with  V0R/DME.  The  drawback  of  this  system  is  with  large  service 
area,  and  potentially  large  number  of  aircraft  affected  by  the  outage  of  a  single  transmitting  station. 
Other  major  advantages  include  area  navigation  capability  and  coverage  in  remote  and  off-shore  areas. 

Other  major  disadvantages  include  a  lack  of  airborne  operational  experience,  airborne  receivers  and 
complete  CONUS  coverage. 

Advantages  offered  by  Loran-C  for  air  navigation  include: 

(1)  the  area  navigation  capability  in  all  areas; 

(2)  coverage  in  remote  and  off-shore  areas  which  is  not  available  from  V0RTAC;  and 

(3)  coverage  down  to  ground  level. 

Disadvantages  for  air  navigation  include  the  large  impact  of  a  single  transmitting  station  outage,  lack 
of  operational  experience,  availability  of  airborne  receivers,  and  the  present  lack  of  CONUS  coverage. 

4.3  ftne^a 

Description 

Omega  is  a  very  low  frequency  (VIF)  radio  navigation  system  operating  in  the  Internationa  1 ly  allo¬ 
cated  frequency  band  between  10  and  14  kHz.  At  these  frequencies,  the  earth's  surface  and  the  ionosphere 
act  as  a  wave  guide  which  allows  the  signals  to  propagate  over  long  distances  with  relatively  low  atten¬ 
uation  and  relatively  high  stability.  A  further  advantage  of  these  very  low  frequencies  is  the  relatively 
low  attenuation  in  passing  through  seawater,  only  about  i.O  dB/ft,  thus  providing  a  capability  for  sub¬ 
marine  navigation.  The  system  is  capable  of  providing  all-weather  navigational  service  throughout  the 
world  with  a  transmitting  complex  of  eight  stations.  The  eight  stations  along  with  their  identification, 
location,  and  operating  agency  are  listed  in  Table  4.  The  permanent  stations  transmit  at  10  KW  which 
is  sufficient  power  at  these  frequencies  to  propagate  a  signal  half-way  around  the  world  and  farther 
under  certain  conditions.  Each  station  transmits  in  a  synchronous  format  as  illustrated  in  Figure  6. 

The  basic  navigation  frequencies  are  10.2  kHz.  13.6  kHz,  11-1/3  kHz,  and  11.05  kHz.  The  first  three  are 
currently  being  transmitted  by  all  stations.  Modifications  to  the  transmitters  are  underway  to  add  the 
capability  to  transmit  at  11.05  kHz.  The  reasons  for  transmitting  more  than  a  single  frequency  from  each 
station  is  to  provide  a  lane  resolution  capability.  However,  additional  frequencies  also  tend  to  enhance 
overall  system  reliability  since  the  attenuation  and  modal  interference  of  the  different  frequencies  can 
be  quite  different  under  certain  conditions. 

The  need  for  lane  resolution  is  illustrated  by  Figure  7.  The  basis  for  determining  position  within 
the  Omega  system  is  by  phase  measurement.  Either  of  two  techniques  can  be  used  — direct  phase  measurement 
of  the  signals  from  each  station  used  (which  requires  a  very  stable  clock  synchronized  to  the  Onega 
transmissions),  or  phase  difference  measurements  of  the  signals  from  station  pairs.  The  result  of  the 
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Omega  Transmitting  Station  Network 
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1/  STATION  B,  LIBERIA,  IS  OPERATED  BY  A  U.S.  CONTRACTOR  SPONSORED  BY  THE  U.S.  GOVERNMENT 

V  A  TEMPORARY  STATION  AT  TRINIDAD  (10*  «? ' N/M * 38 ' W) ,  OPERATED  BY  THE  U.S.  COAST  GUARD 
IS  TRANSMITTING  IN  THE  G  TIME  SLOT,  THE  TRINIDAD  STATION  WILL  CONTINUE  OPERATION 
UNTIL  FURTHER  NOTICE. 


00  1.1  2.3  36  60  63  7.4  88  10  0 

TIME  (SECONDS! 


•  TRINIDAD  POLICY  FOR  UNIQUE  PROPOSED  FULL  FORMAT  IS  SHOWN: 

TEMPORARILY  FREQUENCY  TRANSMISSION  -  (,  IS  UNIOUE  FREQUENCY  AT  EACH 

FILLING  G  SLOT  IN  UNUSED  FORMAT  SEGMENTS  STATION 

BEING  FINALIZED  -11.05  IS  FOURTH  NAVIGATION 

FREQUENCY 

Figure  6.  Omega  Signal  Transmission  Format 


first  method  is  a  family  of  circular  1 ines-of-posi tion  (LOP's)  centered  about  the  station  and  spaced  one 
wavelength  apart.  The  second  technique  yields  a  family  of  hyperbolic  1 ines-of-posi tion  (LOP's),  spaced 
one-half  wavelength  apart.  As  can  be  seen,  there  are  many  LOP's  valid  for  any  given  measurement.  Auto¬ 
matic  Onega  receivers  are  designed  to  keep  track  of  the  correct  lane  by  counting  so  that  the  distance 
traveled  is  related  to  a  whole  number  of  lanes  plus  a  fraction,  the  lane  fraction  being  directly  related 
to  the  phase  measurement. 

Given  that  the  Omega  receiver  is  initially  set  to  the  correct  lane  at  the  beginning  of  travel  and 
that  continuous,  correct  phase  measurements  are  made  during  travel,  correct  position  will  be  known  within 
the  accuracy  of  the  Omega  system;  therefore,  correct  initialization  or  re-ini tial ization  of  the  receiver 
requires  that  position  be  known  to  one-half  of  a  lane  width.  The  hyperbolic  lane  width  at  10.2  kHz  along 
the  baseline  is  about  8  miles.  Clearly,  wider  lanes  are  desirable.  Wider  lanes  can  be  achieved  by  the 
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RECEIVER  LANE 


RECEIVER  LOP 


LANE  BOUNDARIES 
LOPs  DEFINED  BY  A 
RECEIVER  PHASE  MEASUREMENT 


Figure  7.  Family  of  Hyperbolic  Lanes 


combined  use  of  the  additional  signals  as  illustrated  in  Figure  8.  A  3.4  kHz  phase  measurement  is  used 
to  resolve  the  10.2  kHz  phase  position  to  point  A  or  B.  A  phase  measurement  at  1. 1-1/3  kHz  resolves  the 
3.4  kHz  ambiguity  to  point  A.  The  3.4  kHz  phase  measurement  is  obtained  by  taking  the  difference  between 
the  10.2  kHz  and  13.6  kHz  phase  measurements.  Similarly,  the  difference  between  the  10.2  kHz  and  11-1/3 
kHz  phase  measurements  yields  a  1. 1-1/3  kHz  phase  measuremement.  The  hyperbolic  lane  widths  along  the 
baseline  for  3.4  kHz  and  1. 1-1/3  kHz  are  24  and  72  miles,  respectively.  Wider  lanes  can  be  achieved  in 
a  similar  manner. 

Automatic  receivers  achieve  station  identification  during  initialization  by  correlating  the  received 
signals  with  an  internally  generated  format.  The  addition  of  unique  frequencies,  as  indicated  in  Figure  6, 


RESOLVED  PHASE  POSITION 
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will  permit  simpler  station  identification.  In  addition,  the  unique  frequencies  will  tend  to  enhance 
overall  system  reliability  by  doubling  the  duty  cycle  of  usable  signals  from  each  station. 

An  important  element  in  the  use  of  Omega  is  the  need  to  correct  for  non-uniform  propagation  velocity. 
Due  to  the  non-uniform  electromagnetic  properties  of  the  earth's  surface  and  the  ionosphere  together  with 
diurnal  variations  and  the  presence  of  a  geomagnetic  field,  the  wave  fronts  are  appreciably  non-circular. 
Thus,  the  phase  velocity  of  the  wave  depends  significantly  on  the  direction  of  propagation;  and  conse¬ 
quently.  a  user's  position,  as  determined  by  received  phase  and  charts  alone,  will  not  coincide  with  his 
true  position.  Much  experimental  and  theoretical  investigation  of  Vtf  wave  propagation  has  contributed 
to  the  calculation  of  these  phase  discrepancies.  The  results  of  these  studies  have  been  synthesized  into 
a  computer  program  which  generates  tables  of  phase  corrections,  termed  propagation  corrections  (('PC's). 
Individual  corrections  are  tabulated  for  A"  x  4"  regions  of  the  world  and  a  navigator  simply  algebraical ly 
adds  the  PPC  difference  computed  for  his  region  to  the  measured  phase  difference  to  obtain  a  more  accurate 
LOP.  These  tables  have  undergone  continual  refinement  and,  currently,  use  of  PPC's  can  yield  positional 
accuracies  of  approximately  one  nautical  mile  |38|. 

A  typical  example  propagation  correction  function  for  a  given  user  location,  transmitter,  frequency, 
and  day  is  shown  in  Figure  9.  These  corrections  (PPC's)  are  made  available  to  users  in  the  form  of 
tables  or  computer  programs. 

In  order  to  achieve  satisfactory  operation,  a  great  deal  of  care  is  required  in  the  installation  of 
the  Omega  receiver  and  its  associated  antenna.  In  order  to  achieve  world-wide  coverage  at  all  times  of 
the  year,  the  receiving  system  is  required  to  operate  down  to  signal -to-noise  ratios  of  -?0  dB  (100  Hz  BW ) . 
In  addition  to  the  normal  background  noise  level,  there  are  potential  interference  sources  on  the  vehicle. 
Some  of  the  higher  harmonics  of  60  Hz  and  400  Hz  are  on  or  very  near  the  Omega  frequencies.  In  addition, 
precipitation  static  (P-static)  can  cause  severe  interference  problems.  Recent  engineering  developments 
in  the  antenna  design  and  location  as  well  as  to  the  receiver  installation  have  identified  solutions  to 
the  installation  problems  on  board  aircraft.  Acceptable  approaches  have  been  defined  by  RTCA  and  At  t  T 
working  groups;  however,  more  attention  will  be  required  before  the  installation  problems  are  well 
understood  and  resolved  for  marine  application. 

Accuracy 

Absolute  -  1  to  2  inn  (RMS) 

Differential  Mode  —  1/4  to  1  nm  (RMS). 

Coverage 

A  simplified  average  composite  signal  coverage  map  is  illustrated  in  Figure  10.  The  contours  are 
based  on  predictions  and  may  tend  to  he  somewhat  optimistic.  Coverage  at  noon  mid-simmer  is  reduced  and 
some  studies  indicate  larger  areas  of  only  three-station  coverage  than  those  shown  in  Figure  10.  Areas 
with  only  ttv  ee-stat ion  coverage  provide  no  redundancy  for  hyperbolic  operation  in  the  event  one  of  the 
three  stations  is  off  the  air.  It  should  be  noted  that  the  predicted  coverage  contours  shown  in  Figure 
10  are  based  on  the  full  complement  of  eight  stations  including  the  future  Station  C>  expected  to  be 
operational  in  Australia  by  1480. 
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Figure  9.  Typical  Phase  Variation  Curve. 


Letters  indicate  coverage  by  designated 
transmitting  station 

Numerals  indicate  number  ot  transmitting 
station  signals  available  rn  that  region 
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rjuarter  and  averaged  over  hours 


Figure  10.  Composite  Signal  Coverage  Map 


LWiega  is  an  international  system  dedicated  to  providing  a  global  all-weather  navigation  and  position¬ 
ing  capability  of  moderate  accuracy.  The  Omega  Navigation  System  Opeeations  Detail  (0NS00)  of  the  U.S. 
Coast  Guard  is  the  responsible  agency  for  the  United  States.  ONSOfl  oversees  U.S.  interests  in  Omega, 
operates  two  permanent  stations  and  is  conducting  a  signal -monitoring  and  data-update  program.  As  part 
of  their  monitoring  program,  ONSOD  issues  a  weekly  status  report  on  Omega  system  operation.  Ihe  report 
is  available  to  users  by  mail  or  T WX .  An  abbreviated  version  is  also  available  on  a  recorded  message 
via  the  telephone.  ONSOD  is  also  operating  the  temporary  station  at  Trinidad.  There  is  speculation 
that  this  station  will  remain  on  the  air  until  the  eighth  permanent  station  becomes  operational.  In 
addition.  ONSOD  provides  technical  support  to  the  bi-lateral  agreement  process  for  the  establishment 
and  operation  of  stations  by  host  nations. 

It  should  be  noted  that  although  Omega  is  operational,  it  is  not  completely  validated.  That  is, 
there  are  many  areas  over  the  globe  where  insufficient  data  have  been  taken  to  verify  the  theoretical 
predictions.  Also,  in  certain  areas  such  as  the  South  Pacific,  with  the  absence  of  the  Australian  station, 
the  accuracy  which  can  be  obtained  may  be  substantial ly  less  than  ]-?  nmi .  The  first  phase  of  the  valida¬ 
tion  program  focused  on  the  Western  Pacific  region  because  the  U.S. -operated  Loran-A  stations  in  that 
area  were  shut  down  the  end  of  December  1077.  Since  Omega  is  considered  a  replacement  for  Loran-A.  suf¬ 
ficient  data  must  be  acquired  and  analyzed  to  demonstrate  that  Omega  can  meet  the  requirements  now  being 
met  by  Loran-A.  A  report  on  the  Western  Pacific  validation  was  issued  in  April  1 7 8  1-191.  The  next 
area  to  be  validated  is  expected  to  be  the  North  Atlantic. 

A  s unwary  of  the  preliminary  results  of  the  Western  Pacific  Omega  validation  is  given  below.  Ihe 
assessment  was  based  on  engineering  and  operational  data  acquired  throughout  the  area  during  197t>  and 
1977.  In  addition,  areas  of  potential  improvement  have  been  identified  and  the  expected  performance  with 
the  improvements  is  estimated. 

The  principle  result  of  the  coverage  analysts  was  the  detenu  1  nation  ot  station  pair  combinations 
which  provide  the  best  navigation  performance  over  the  area.  A  summary  of  the  recommended  station  pairs 
is  illustrated  in  Figure  10.  These  recommendations  are  based  on  considerations  of  signal-to-noise  ratios, 
geometry,  and  modal  interference.  The  goal  of  this  effort  was  a  single  coverage  chart  with  a  minimum 
number  of  regions  and  with  the  two  best  station  pairs  suitable  for  day  and  night  use  identified  for  each 
region.  This  was  not  possible  during  daytime  and  modal  interference  on  the  signals  from  Stations  l'  and 
H  at  night.  These  two  conditions  are  taken  into  account  by  the  shaded  regions  shown  in  Figure  11  The 
shaded  regions  Identify  regions  where  Stations  f  or  H  can  be  used  as  an  alternate  during  local  daytime, 
for  one  of  the  recommended  stations.  In  these  regions.  Station  C  or  U  (as  indicated  bv  the  notes)  provide 
hiqher  signal-to-noise  ratios  than  the  respective  recommended  stations,  hut  their  signals  undergo  modal 
interference  at  niqht.  In  addition  to  the  best  recommended  station  pairs  as  shown  in  Figure  11,  alternate 
stations  were  identified  for  each  region  to  be  used  in  the  event  one  of  the  recommended  stations  is  not 
available. 


Another  result  of  the  alternate  station  analysis  was  an  assessment  of  usable  redundant  signal  coverage 
over  the  entire  Western  Pacific  area.  Redundant  station  coverage  is  marginal  in  some  areas  until  the 
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Note  1:  H  can  be  used  as  an  alternate  for  D  during  local  daytime  in 
shaded  area. 

Note  2:  C  can  be  used  as  an  alternate  for  D  during  local  daytime  in 
shaded  area. 

Note  3:  H  can  be  used  as  an  alternate  for  A  during  local  daytime  in 
shaded  area. 

Note  4:  Alternate  stations  are  not  required  in  Area  4  when  the  recommended 
stations  B,  E,  and  H  are  available. 

Note  5:  C  can  be  used  as  an  alternate  for  A  during  local  daytime. 


Figure  11  Recomnended  LOP's  for  Western  Pacific  Area  Coverage  Based  on  Use  of 
10.2  kHz  Only  and  Without  Station  G  (Australia)  Coverage 


Australian  station  is  operational.  At  least  one  alternate  station  is  available  over  ROT  of  the  area 
during  the  night  and  70!  of  the  area  during  the  day. 

An  accuracy  analysis  of  the  Omega  system  must  consider  two  distinctly  different,  but  related  error 
sources.  One  is  the  position  error  resulting  from  phase  tracking  noisy  signals,  taking  into  account 
geometry  and  propagation  correction  (PPC)  induced  errors,  given  that  the  correct  cycle  (Omega  lane)  is 
being  tracked  The  other  error  source  is  caused  by  tracking  the  wrong  cycle  (Omega  lane).  The  lane  error 
results  from  either  initialising  on  the  wrong  lane  or  the  Omega  receiver  slipping  into  the  wrong  lane 
while  tracking.  The  lane  widths,  at  10.2  kHs .  based  on  the  recommended  station  pairs  for  the  Western 
Pacific  area,  vary  from  8  nmi  to  25  nmi  The  25  nmi  occurs  when  using  1 ine-of-posi t ion  (10P)  A-H  in  the 
vicinity  east  of  Guam.  Station  C  is  recommended  here  as  an  alternate  for  A  during  local  daytime,  but 
not  at  night  because  of  modal  interference. 

Given  proper  lane  identification,  the  resulting  position  error  is  obtained  directly  from  statistical 
analysis  of  the  monitor  data,  however,  the  position  error  resulting  from  tracking  the  wrong  lane  is  not 
directly  obtainable  from  the  monitor  data  which  is  in  terms  of  corrected  phase  measurements.  The 
probability  of  lane  error  is  highly  dependent  upon  Omega  receiver  implementation  and  operation 

With  a  manual  single-frequency  LOP  receiver  using  strip  chart  recorders,  proper  lane  identification 
is  achieved  by  operator  interpretation.  Lane  identification  in  automatic  receivers  is  design-dependent. 

In  addition  to  the  difference  in  lane  identification,  the  accuracies  of  the  two  types  of  receivers, 
given  correct  lane  identification,  will  differ  because  the  automatic  receiver  uses  more  than  one  fre¬ 
quency. 

The  accuracy,  given  correct  lane  identification,  was  estimated  for  the  two  types  of  receivers  The 
measure  of  accuracy  selected  for  the  Omega  position  fix  is  the  95*  circular  error.  The  85 %  circular 
error  is  the  radius  of  a  circle  including  95*  of  the  position  fixes,  both  day  and  night.  Ihe  stated 
accuracy  goal  of  the  Omega  system  is  1  nmi  RMS  durinq  daytime  and  J  nmi  RMS  at  night.  This  can  be  trans¬ 
lated  to  a  day  and  night  95*  circular  error  of  4  nmi. 

For  the  automatic  Omega  receiver,  the  estimated  951  circular  error,  based  on  the  data  at  the  sites 
shown  in  Table  5,  is  6.3  nmi.  For  the  manual  receiver,  using  the  LOP's  shown  in  Table  5,  the  estimated 
95*  circular  error  is  7.3  nmi  Substantial  improvements  in  accuracy  can  be  achieved  by  propagation 
correction  (PPC)  improvements  as  has  already  been  accomplished  in  other  areas.  To  illustrate  the 
potential  improvement,  a  random  sample  based  on  24  hourly  measurements  taken  from  the  Clark  RE-IM, 
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Table  5 

Accuracy  Summary 
954  Circular  Error 


SITE 

AUTOMATIC  SYSTEM 

MANu'jp  RECEIVER 

PRESENT 
PPC  •  S 

(nmi) 

IMPROVED 

PPC'S 
(  nui  i  ) 

LOP  PAIR 

PRESENT 

PPC'S 

(nmi) 

IMPROVED 

PPC'S 

(nmi) 

KWAjALE in 

4  4 

2 .  S 

AH  EH 

H  4 

7  5 

OROTE  PT. 

S  4 

2  1 

DM  EH 

b  4 

2  .  1 

CM  EH 

CLARK 

7 .  1 

3.  1 

BE  EH 

8  6 

4  0 

TSUSHIMA 

b  7 

3.0 

AD  DE 

6  7 

3 . 6 

DARWIN 

f  8  • 

3  .  7* 

BE  EM 

8. 3* 

4  1* 

overall 

6  3 

J  4 

7.  3 

4  3 

*E$T 1  MAT  tD 


July  1976,  data  was  analyzed.  The  95!  circular  position  error  was  10.3  nmi .  After  PPC  improvements,  the 
expected  performance  should  approach  a  95"  circular  error  of  3.5  nmi  for  the  user  with  an  automatic 
receiver  and  4.3  nmi  for  the  user  with  a  manual  receiver.  These  accuracies  are  compatible  with  the 
sta'ed  Omega  accuracy  goal. 

Since  a  determination  of  the  probability  of  identifying  the  correct  lane  could  not  be  made  directly 
from  the  data,  an  estimate  of  correct  laning  by  the  use  of  the  3.4  kHz  difference  frequency  was  made 
based  on  analysis  of  10.2  kHz  and  13.6  kHz  data.  The  result  of  this  analysis  shows  that  using  the  present 
PPC ' s ,  laning  errors  can  be  expected  to  occur  between  1 4t  and  23T.  of  the  time.  When  the  PPC  improvements 
are  made,  the  laning  errors  should  be  reduced  to  between  2.8"  and  3.94  of  the  time. 

Specific  conclusions  are: 

•  Coverage  Assessment 

The  Omega  system  coverage  over  the  Western  Pacific  area  can  support  enroute  air  and  marine  navi¬ 
gation.  Care  is  required  to  select  the  best  station  combinations  depending  on  location  within 
the  area  and  time  of  day.  A  recommended  set  of  combinations  is  shown  in  Figure  11.  In  the  event 
one  or-  more  of  the  recommended  stations  is  off  the  air,  alternate  stations  have  been  identified. 
The  selection  criteria  will  be  considerably  simplified  by  the  addition  of  Station  (i  in  Australia 
Station  6  should  provide  usable  signals  over  the  entire  area  at  all  times. 

•  LOP  Phase  Accuracy 

Analysis  of  the  phase  difference  data  from  the  monitor  sites  indicate  LOP  accuracies  with  hourly 
mean  averages  of  about  15  CEC.  Standard  deviations  about  the  means  of  less  than  10  CEC  are 
generally  observed.  The  hourly  mean  errors  can  be  substantially  reduced  by  improving  PPC's, 
resulting  in  a  significant  improvement  in  position  accuracy  and  laning  reliability. 

•  Position  Fix  Accuracy 

Omeqa  position  fix  accuracies  were  determined  by  combining  available  LOP  pairs.  The  954  circular 
error  ranged  from  4.4  nmi  to  7.1  nmi  for  automatic  receivers  and  5.4  nmi  to  8.6  nmi  for  manual 
receivers  using  the  present  PPC's.  PPC  improvement  can  significantly  reduce  these  errors  since 
the  hourly  mean  errors  are  generally  larger  than  the  variations  about  them. 

•  Loran-A  Replacement 

In  the  areas  that  were  serviced  by  Loran-A  1 H 1 .  1H2.  2L1.  2L2,  2L3,  and  2H6  chains  which  were 
discontinued  on  31  Pecemher  1977,  current  Omega  coverage  from  at  least  three  stations  is  avail¬ 
able.  Over  the  Mariana  Island  region,  redundant  coveraqe  is  marginal  during  times  when  either 
Station  E  or  H  is  off  the  air.  Station  G.  Australia,  will  provide  the  needed  redundancy  over 
this  region. 

•  Charted  LOP's 

Recommended  LOP  pairs  should  be  noted  on  (>npga  charts  in  those  regions  where  they  provide  the 
best  service.  Alternate  LOP's  should  also  be  noted,  with  an  indication  of  the  performance  to 
be  expected. 

•  Signal-to-Noise  Ratios 

The  Omega  data  analyzed  generally  supports  the  coverage  predictions.  In  those  cases  where  minor 
differences  were  found,  the  predictions  are  usually  more  conservative  than  the  data  indicate. 

The  significant  differences  that  exist,  observed  during  NOSC  temporary  site  measurements  are: 


signal  strength  from  Stabion  B  is  S  to  18  dB  higher  than  predicted  at  Clark,  Orote  Point,  Port 
Moresby  and  Darwin,  and  signal  strength  from  Station  C  is  4  to  10  dB  lower  than  predicted  at 
Port  Moresby  and  Darwin. 

•  Modal  Interference 

Modal  interference  is  predicted  from  Station  H,  Japan,  during  nighttime  within  the  sector  between 
the  190°  and  225°  bearing  angles  from  the  station,  flight  tests  conducted,  on  bearings  of  206°  and 
215“  ft  the  stat ion,  validated  the  predictions  and  showed  the  deepest  nulls  at  approximately  3 
and  4  (1620  and  2160  nmi)  from  the  station.  Modal  interference  is  predicted  from  Station  C, 

Hawaii,  during  nighttime  within  the  sector  between  the  190°  and  295°  bearing  angles  from  the 
station.  Amplitude  data  from  nighttime  test  flights  between  Hawaii  and  Wake  Island  on  approxi¬ 
mately  a  270°  bearing  from  Hawaii,  confirmed  the  existence  of  modal  interference;  however,  the 
test  data  amplitude  signatures  from  the  two  flights  did  not  correlate  well  with  each  other  or 
with  the  predictions  indicating  significant  night-to-night  variations  in  the  modal  structure. 
Navigation  based  on  a  single  frequency  exhibiting  severe  modal  interference  is  susceptible  to 
lane  slippage,  however,  modal  nulls  at  different  frequencies  are  spatially  displaced  which 
suggests  the  use  of  two  or  more  frequencies  as  a  means  to  reduce  the  incidence  of  modally  induced 
lane  si ippage. 

•  Mul tif requency  Operation 

Use  of  multiple  frequencies  gives  a  significant  increase  in  the  availability  of  position  fixing 
over  the  use  of  10.2  kHz  only.  The  13.6  kHz  signal  provides  a  better  received  S/N  than  does 
10.2  kHz.  Based  on  the  data  analyzed,  the  3.4  kHz  difference  frequency  does  not  appear  to  pro¬ 
vide  sufficient  accuracy  for  reliable  laning  with  the  present  PPC's.  A  realizable  improvement 
in  the  PPC's  should  provide  adequate  laning  performance. 

The  FAA  beqan  evaluating  Omega  for  civil  aviation  use  in  1965;  however.  Omega  coverage  at  that  time 
was  limited  and  erratic  because  there  were  only  three  or  four  stations  operating  on  an  experimental  basis. 
More  recently,  the  FAA  conducted  flight  tests  over  Alaska  and  the  North  Atlantic  during  1975  and  1976 
[ 40 1 .  In  addition,  flight  test  evaluations  have  been  conducted  over  a  number  of  air  carrier  oceanic 
routes  1 4 1  j . 

RTCA  (Radio  Technical  Conmission  for  Aeronautics)  and  AEEC  (Airline  Electronic  Engineering  Committee) 
working  groups  are  now  working  toward  resolving  the  problems  associated  with  the  introduction  of  Omega  into 
civil  aviation  use.  Minimal  Operational  Characteristics  (MOC's)  and  Minimum  Performance  Standards  (MPS)  were 
prepared  and  published  by  the  RTCA  [42|.  Shortly  thereafter,  AR1NC  (Aeronautical  Radio,  Inc.)  Characteris¬ 
tics  599  for  the  Mark  2  Omega  Navigation  System  was  prepared  and  published  by  the  AEEC  [43],  These  lead  to 
the  preparation  and  publication  by  the  EAA  of  Advisory  Circular  120-31A.  "Operational  and  Airworthiness 
Approval  of  Airborne  Omega  Radio  Navigation  Systems  as  a  Means  of  Updating  Self-Contained  Navigation  Systems" 
( 44 | ,  and  subsequent  amendment  to  Federal  Aviation  Regulations,  Part  37,  by  adding  paragraph  37.205, 

'Airborne  Omega  Receiving  Equipment  -  TS0-C94"  |45], 

Omega  has  been  in  operational  use  on  military  aircraft  since  about  1970  and  approximately  300  military 
aircraft  are  currently  Omeqa-equipped.  This  number  will  increase  as  the  result  of  the  U.S.  Air  Force 
decision  in  1976  to  equip  their  long-range  transport  aircraft  with  Omega.  Estimates  of  the  number  of  civil 
aircraft  currently  using  Omega  is  on  the  order  of  100-200,  but  on  the  increase.  Two  American  air  carriers 
have  contracts  for  Omega  to  replace  their  Loran-A.  In  addition,  there  are  a  number  of  foreign  air  lines 
ordering  Omega. 

Omega  is  also  in  use  ;n  conjunction  with  VLF  communication  signals.  Two  U.S.  companies  are  supply¬ 
ing  airborne  equipment  of  this  type  of  which  over  1,100  sets  have  been  sold. 

Most  of  the  U.S.  Navy's  larger  vessels  are  equipped  with  marine  Omega  receivers.  A  significant  num¬ 
ber  of  marine  receivers  have  been  sold  for  merchant  vessel  high-seas  navigation. 

Differential  Omega  is  a  modification  to  the  basic  system  which  is  being  evaluated  in  order  to 
increase  the  accuracy  in  a  local  area.  A  fixed  station  is  used  to  receive  the  basic  Omega  signals,  cal¬ 
culate  the  phase  corrections  which  are  then  broadcast  over  an  uplink  to  users  within  a  100  to  200  mile 
radius  of  the  station  (see  Figure  12).  Since  the  source  of  greatest  error  in  Omega  is  in  the  phase 
correction  predictions,  differential  Omega  provides  a  significant  improvement  in  accuracy  within  the  area 
that  the  measured  phase  corrections  are  more  accurate  than  the  predictions.  Accuracy  near  the  differen¬ 
tial  station  approaches  1/4  mile  and  increases  with  range  from  the  station.  The  U.S.  Navy  also  recently 
evaluated  differential  Omega  in  the  Gulf  of  Mexico  area  [ 46 ) .  Also,  the  French  Navy  is  evaluating  dif¬ 
ferential  Onega  for  marine  applications  with  an  interest  in  including  airborne  applications  also  1 4 7 ) . 

In  addition,  differential  Omega  was  one  of  the  candidate  systems  under  consideration  to  meet  the  U.S. 

Coastal  Confluence  Zone  Requirement  prior  to  the  selection  of  Loran-C  |4R-50|. 

VLF  Comnuni cat  ions  Signals 

The  U.S.  Navy  operates  a  VLF  communication  system  to  provide  a  global,  all-weather,  highly  redundant 
communications  service  to  ships  and  submarines.  The  use  of  U.S.  Navy  VLF  communications  signals  for  navi¬ 
gation  became  possible  in  1970  when  the  transmitting  stations  were  phase-stabilized  with  atomic  clocks. 
Although  the  Navy  has  stated  that  these  signals  are  not  provided  for  navigation  purposes  (and  assumes  no 
responsibility  for  their  misuse),  the  Navy  informed  the  FAA  that  there  is  no  objection  to  the  use  of  VLF 
communication  for  navigation  provided  that  the  stations  are  not  assigned  additional  missions  as  navaids, 
and  notification  procedures  of  the  U.S.  Naval  Observatory  are  satisfactory  to  all  concerned  151).  There 
are  10  stations  available  with  assigned  frequencies  between  16  kHz  and  24  kHz.  Table  6  lists  their  identi¬ 
fication,  location,  and  frequency.  High  power  is  radiated,  ranging  from  100  kW  to  1000  KW,  to  assure  high 
signal-to-noise  ratios  at  any  receiver  location.  Stable  signals  are  propagated  over  long  distances  as  a 
result  of  the  spherical  earth  ionosphere  waveguide  phenomena  similar  to  that  experienced  at  the  lower  VLF 
frequencies  of  Omega;  however,  because  of  the  higher  frequencies,  the  incidence  of  modal  interference  is 
higher.  Consequently,  there  are  variations  in  the  propagation  velocity  and  attenuation  caused  by  changes 
in  the  height  and  density  of  the  ionosphere  similar  to  that  observed  at  the  Omega  frequencies. 
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figure  12  Differential  Omega  Concept 
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VL1  Communications  Stations 
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*THE  FORMAT  OF  STATIONS  BEING  MODIFIED  BY  19/8  TO  TRANSMIT  A  MINIMUM  SHIFT  KEY¬ 
ING  ( MSK )  AS  OPPOSED  TO  THE  PREVIOUS  FREQUENCY  SHIFT  KEYING  ( F S K  )  . 

THE  OTHERS  ARE  NOT  UNDER  U.S.  NAVY  CONTROL.  ONCE  MODIFIED,  THE  STATIONS  MAY 
OPERATE  IN  ANY  ONE  OF  THREE  MODES  LISTED  BELOW: 

(1)  MSK  i  /•,  Hz  ABOUT  THE  CARRIER  AT  SO  BAUD 

( 2 )  MSK  .1  SO  Hz  ABOUT  THE  CARRIER  AT  100  BAUD 

(1)  MODIFIED  FSK,  ■  25  Hz  ABOUT  THE  CARRIER  AT  50  BAUD. 

THE  SIMPLE  DOUBLING  PROCESS  OF  RECOVERING  PHASE  WILL  OPERATE  ON  ANY  OF  THE 
THREE  MODES. 


Accuracy 

Operational  —  0.5  nm  CEP/hour. 

This  number,  quoted  by  one  of  the  companies  producing  and  distributing  equipment  of  this  type,  is 
based  on  a  large  sample  of  operational  observations  [52].  There  has  not  been  any  government-sponsored, 
or  indepenent.  agency,  testing  of  the  navigational  accuracy  based  on  a  thorough  engineering  test  and 
evaluation  approach.  The  reason  the  observed  accuracy  is  time  varying  is  probably  because  of  lane 
slippage  and  inadequate  phase  propagation  corrections. 

Given  that  adequate  phase  corrections  are  determined  and  applied,  the  accuracy  of  VLF  communication 
should  be  about  the  same  as  Omega.  The  trend  in  the  use  of  VLF  communiation  signals  for  navigation  is 
to  combine  the  VLF  communication  signals  with  Omega  signals.  The  average  accuracy  over  the  globe  in  this 
case  should  be  better  than  Omega  alone. 


A  theoretical  study  which  assessed  the  availability  of  VLF  communication  signals  over  North  America 
and  the  North  Atlantic  concluded  that  signals  from  at  least  eight  \tations  would  be  available  based  on 
signal-to-noise  ratios  [53],  That  number  is  now  reduced  to  seven  since  NBA.  Balboa,  has  been  taken  off 
the  air  and  placed  on  stand-by  status.  Consideration  of  modal  interference  could  rule  out  the  use  of 
JXN,  Norway,  and  GBR,  Great  Britain,  over  Alaska  and  parts  of  CONUS  at  certain  times  during  transition. 
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In  addition,  geometry  of  LOP's  must  be  considered,  in  regard  to  CONUS  and  Alaska,  the  two  stations 
in  Great  Britain,  GBR  and  GB7,  and  the  station  in  Norway,  JXN,  provide  redundant  LOP's,  and  in  effect, 
most  of  the  navigation  information  available  from  the  three  stations  is  provided  by  any  one  station. 

In  addition,  there  is  a  minimum  radius  about  each  of  the  three  stations  located  in  CONUS  (NLK,  NAA. 
NSS),  within  which  use  of  that  station  is  unreliable  because  of  modal  interference.  The  minimum  radius, 
which  may  be  different  for  each  station,  is  not  well  established,  but  for  planning  purposes  is  estimated 
to  be  on  the  order  of  300  to  600  nm. 

In  sutmiary,  there  should  be  at  least  four  VLF  stations  providing  usable  signals  at  any  location  and 
time  over  the  CONUS,  Alaska,  and  off-shore  areas  with  two  to  three  additional  stations  available  most  of 
the  time  to  provide  redundancy. 

VLF  Station  Status 

Except  for  scheduled  maintenance,  the  active  Navy  VLF  Submarine  Broadcast  Transmitters  operate 
essentially  continuously,  to  provide  maximum  feasible  broadcast  continuity.  Each  station  conducts  main¬ 
tenance  on  a  different  day  of  the  week  to  avoid  having  more  than  one  transmitter  down  at  any  time.  Naval 
Observatory  publishes  VLF  maintenance  schedules  and  frequencies  to  the  navigation  and  precise  time  com¬ 
munity  (51).  A  typical  maintenance  schedule  is  given  in  Ref.  52. 

Reliability  is  defined  as  the  percentage  of  time  the  VLF  transmitters  are  on  the  air,  except  for 
unscheduled  outage  or  casualty.  The  goal  is  99.9  percent.  The  stations  usually  exceed  99  percent  (51|. 

In  1975,  the  FAA  requested  the  U.S.  Navy  to  assume  a  navigational  mission  responsibility  for  the 
Navy  VLF  stations  )54).  The  request  was  denied  |55).  Since  that  time,  a  better  understanding  of  the 
use  of  the  VLF  signals  for  navigation  has  been  achieved  by  both  parties.  In  September  1976,  the  Navy 
informed  the  FAA  that  there  is  no  objection  to  the  use  of  VLF  Communication  for  navigation  provided  that 
the  stations  are  not  assigned  additional  missions  as  navaids,  and  notification  procedures  of  the  U.S. 

Naval  Observatory  are  satisfactory  to  all  concerned  |51|.  In  addition,  the  FAA  sponsored  an  FAA/DOD/ 

Industry  meeting  on  14  September  1976  to  discuss  the  use  of  VLF  Communication  for  navigation  purposes  [56|. 

A  preliminary  proposed  Omega/VLF  Approval  Requirement  was  issued  as  a  NOTAM  and  an  Advisory  Circular  is 
in  preparation.  In  May  1976,  the  FAA  Western  Region  certified  a  VLF/Omega  set  as  primary  means  of  navi¬ 
gation  (but  not  sole  means)  for  ENROUTE  navigation  per  Advisory  Circular  90-45A  within  the  48  contiguous 
United  States  and  the  District  of  Columbia  |57|. 

4.4  Decca 

Description 

The  Decca  Navigator  is  a  radio  position-fixing  system  for  marine,  air  and  land  use  based  on  continuous 
wave  signals  in  the  low-frequency  band  70-130  kHz.  Except  for  a  special  version  developed  for  hydrographic 
survey  work,  the  system  is  of  the  type  in  which  fixed  transmitting  stations  at  known  locations  provide 
hyperbolic  lines  of  position.  The  range  of  the  system  depends  on  various  factors  but  is  typically  in  the 
order  of  240  nmi  (440  km)  by  night  and  about  twice  that  distance  by  day.  Each  user  aircraft  carries  a 
special  receiver  which,  in  its  simplest  form,  delivers  the  position  lines  as  numerical  ''Decometer"  read¬ 
ings  which  are  plotted  manually  on  a  lattice  chart.  The  intersection  point  of  fwo  such  lines  gives  the 
position  fix.  Automatic  and  computer-based  methods  of  reducing  and  displaying  the  Decca  position  fix  are 
widely  used,  but  many  manual  receivers  are  still  in  use. 

A  chain  of  Decca  Navigator  stations  consists  of  a  central  master,  and  three  outlying  slave  stations 
50  to  100  miles  from  the  master,  designated  Red,  Green  and  Purple.  The  Red,  Green  and  Purple  descriptions 
refer  to  the  respective  color  patterns  used  on  Decca  charts. 

The  three  slave  stations  of  a  Decca  chain  are  phase-locked  to  the  common  master  station  in  the  center 
and  thus  produce  three  intersecting  patterns  of  position  lines  giving  coverage  in  all  directions  around 
the  master  as  illustrated  in  Figure  13  ( 58 | .  In  practice,  the  user  reads  his  lane  number  and  fraction 
thereof,  from  the  Decometers  for  the  two  patterns  giving  the  best  angle  of  cut  at  his  location  and  rejects 
the  third.  Marine  charts  are  generally  overprinted  with  the  two  patterns  appropriate  to  the  area  depicted. 
Figure  13  represents  the  plotting  of  a  position  fix. 

The  phase  meter  or  Decometer  cannot  distinguish  phase  differences  that  are  multiples  of  2m  but  the 
rotor,  which  makes  one  revolution  per  360°  of  phase,  drives  subsidiary  pointers  through  gearing  to  indi¬ 
cate  the  number  of  revolutions  made.  The  space  bounded  by  two  in-phase  hyperbolae  is  known  as  a  "lane" 
and  one  of  the  geared  pointers  shows  a  change  of  one  lane  for  each  revolution  of  the  rotor.  Attached 
to  the  rotor  is  a  lane  fraction  pointer  which  sweeps  a  scale  calibrated  in  hundredths  of  a  lane. 

The  basic  method  of  converting  a  pair  of  Decometer  readings  into  a  position  fix  (as  distinct  from 
digital  data  processing  methods,  not  considered  here)  is  a  lattice  or  grid  of  hyperbolic  curves  super¬ 
imposed  upon  a  map  or  chart  and  numbered  in  Decca  lane  units.  In  general,  the  production  of  Decca  lattice 
charts  for  marine  navigation  is  the  responsibility  of  the  hydrographic  authorities  of  the  countries  con¬ 
cerned.  Lattice  charts  for  air  navigation  and  other  uses  are  produced  by  various  agencies,  including  the 
Charting  Department  of  The  Decca  Navigator  Company  Ltd.,  which  also  prepares  and  supplies  special  charts 
for  track  plotters,  flight  logs  and  other  pictorial  display  equipment  used  in  ships  and  aircraft. 

Chain  frequencies  are  allotted  according  to  the  format  shown  in  Table  7,  which  is  based  upon  a  nom¬ 

inal  separation  (at  frequency  6f)  of  180  Hz  between  the  basic  code  values  0B,  IB,  2B,  etc.  | 58 | .  Some  chains 
deviate  by  5  Hz  from  this  separation  because  of  factors  prevailing  at  the  time  of  allocation.  So-called 
"half  frequencies"  0E,  IE,  2E,  etc.,  are  spaced  nominally  at  90  Hz.  The  letters  A  and  C  denote  frequen¬ 
cies  5  Hz  below  and  above  the  B  values.  0  and  F  are  5  Hz  below  and  above  the  E  values. 

The  relationship  between  the  frequencies,  lane  widths  and  zone  widths  of  a  chain  is  shown  in  Tables  8 

and  9  [58) . 
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Figure  13.  Decca  Position  Fix  Plot 


Table  7 

Decca  Chain  Frequency  Grouping  in  kHz 


NOMINAL  FREQUENCY  (B)  AND  "MALE  FREQUENCY"  (E)  GROUPS 


CHAIN 

CODE 

If 

(NOT 

RADIATED) 

Sf 

PURPLE 

6  f 

MASTER 

8 1 

RED 

8.2  f 

ORANGE 

9f 

GREEN 

OB 

14.017S0 

70  0876 

84  1060 

112. 1400 

114  9436 

126.1576 

01 

1  4 . 0  3  a  S  0 

70.  162  6 

84  I960 

112  2600 

1 16.0666 

126  2925 

IB 

14.04667 

70.2333 

84  2800 

1  1 2 . 3  7  3  3 

116.1827 

126. 4200 

IE 

14.06167 

70  3083 

84  3700 

112.4933 

116  3067 

126  5 5 SO 

2B 

14 . 07667 

70. 3833 

84  4600 

112.6133 

116.4287 

126  6900 

2  E 

14.09167 

70.4583 

84  6600 

112.7333 

116.661; 

126.8250 

JB 

14 .  1 0  7  SO 

70. S37S 

84 , 6450 

1 12.8600 

116  6816 

126  *676 

Jf 

14. 12260 

70.6126 

84 .  7360 

112  9800 

116.8046 

127  1026 

4B 

14.13760 

70.6876 

84  8250 

113.1000 

116.9276 

127  2376 

41 

14 . 1  5250 

70  7626 

84  *1 60 

1 13.2200 

116. 0606 

127.3725 

SB 

14. 16667 

70.8333 

86. 0000 

1 1 3.3333 

1 16 . 1667 

127 . 6000 

SI 

14  18167 

70.9083 

85.0900 

1  1  3  .  4  5  3  J 

116. 2897 

127 .6350 

SB 

14  1*667 

70  9833 

86. 1800 

1 1 3.5733 

1164127 

127 . 7700 

6f 

14.21167 

71  0683 

86 . 2700 

113.6933 

l 16  6357 

127 . 9060 

1 B 

14 .227SO 

71  1375 

86. 3650 

113  8200 

1 1 6 . 6665 

128  0476 

11 

14.24250 

71 . 21 25 

86.4650 

113. 9400 

116  ’886 

128  1826 

HB 

14 . 2S7SO 

71.2876 

86 . 6460 

114  0600 

116  9116 

128  <1 7K 

HI 

14.27260 

71  3626 

86  6350 

114  1800 

1 l 7  0346 

128.4625 

98 

14.28667 

71  4333 

86 . 7200 

114  2930 

117.1607 

128  6800 

9F 

14.30167 

71 . 6083 

86.8100 

114  4130 

1  l  7  .  2  7  3  7 

128.  ’ISO 

10B 

14.31667 

71  . 6833 

86.9000 

114. 6330 

117.3967 

128  8600 

The  unmodulated  transmissions  occupy  spot  frequencies  from  84.00  to  86.00  kHz  for  master  stations  and 
pro  rata  at  the  slave  frequencies.  In  a  manually  operated  receiver,  chain  selection  simply  involves  turn¬ 
ing  a  pair  of  selector  controls  to  the  required  frequency  code  number  and  letter. 

In  the  very  early  years  of  the  system,  lane  identification  was  of  the  "V"  type,  in  which  the  master 
transmitted  a  5f  signal  phase-coherent  wifh  the  6f  during  the  half-second  identification  period  in  place 
of  the  normal  5f  signal  from  the  purple  slave;  the  receiver  extracted  the  desired  If  frequency  master 


* 


Table  8 

Radiated  I  requeue  ii's  (Chain  No.  SB) 


1  Al  ION 

HARMON 1 1 

iKtgoiN.v  !  cm;  1 

MANUK  . 

M 

HS . 0000 

PUHKl  t  SI  AVI  .... 

Sf 

7  0  HU.l 

K|  p  SI  AVI  . 

Mf 

II*  3  j  H  | 

k.RI  I  N  SI  AVI  . 

\:i  sooo  j 

All  SI AI IONS  .... 

M  t  • 

tiff  l('M' 

"  OKANut  "  \  KtUUt  NO  I  OK  .-ONI  I  PI  N 1  .  ANP  SIA1ION 
CONIROl  SIATOS  SIC.NAIS. 


lable  lt 

Comparison  (frequencies  and  Lane/Zone  Widths  on  Ha so  I i nr 
(Chain  No.  SB) 


*EJUAl  10  MAI  F  NAVI  LENoiM  At  COMI'ARI  SON  F  HI  0111  Nl'V  .  I  OK  I  Ml  SI’UIFltl' 
I’ROI'AC.AI  I  ON  SOUP  IMIRI  ;m  .-so  km  ,) 


signal  as  tho  beat  note.  Similarly  each  slave  in  turn  sent  Of  and  (If  together  to  provide  a  beat  note  of 
the  same  frequency.  The  present  multipulse  (Ml')  type  ot  lane  identification  has  been  in  use  since  the 
late  lOSll's  and  derives  the  required  If  signal  from  each  station  by  a  method  in  which  twice  as  much 
information  is  transmitted  as  in  the  V  mode.  This  has  the  result  that  the  Ml’  generates  a  coarse  pattern 
having  greater  integrity  at  long  ranges  than  the  fine  patterns:  the  reverse  tended  to  apply  to  the 
earlier  method.  I  he  development  of  the  Ml’  technique  ensured  the  long  term  viability  ot  the  IVcca 
Navigator  as  a  practical  navigational  aid. 

lor  Ml'  lane  identification  each  station  in  turn,  starting  with  the  master ,  radiates  all  four  Hecca 
frequencies  ( 5>f ,  t<f,  8f,  Of)  simultaneously  in  a  phase-coherent  relationship.  In  the  receiver,  the  four 
harmonics  in  each  such  transmission  are  summed  so  as  to  derive  a  pulse  train  having  the  fundamental 
value  t,  given  means  of  memorising  the  master  signal  so  that  it  can  be  compared  with  the  successive 
slaves,  this  reconstituted  pulse  signal  forms  the  basis  ot  the  desired  f- frequency  coarse  pattern,  lhe 
short  pulse  recurring  at  the  fundamental  frequency  is  the  dominant  feature  ot  the  summit  ion  waveform 
and  has  the  important  property  that  it  remains  stable  in  phase  in  the  presence  of  large  mutual  shifts 
in  the  constituent  harmonics. 

The  complete  transmission  sequence  of  an  Ml'  chain  is  shown  in  figure  l  4  t  very  .'0  seconds  the 
stations  transmit  the  Ml'  signals  in  the  order  MRGP,  together  with  an  8.,'f  component,  the  Ml'  signals 
last  tl. OS  seconds  and  are  spaced  at  .’.S  second  intervals.  In  receivers  which  include  the  tone  identifi¬ 
cation  facility,  this  is  based  on  the  beat  note  between  the  8,.’f  and  8. Of  signals  from  the  respective 
stations,  giving  a  hyperbolic  pattern  of  which  one  phase-difference  cycle  embraces  S  tones.  Normally, 
the  tone  identification  information  is  displayed  on  a  separate  meter  on  which  the  stale  is  divided  into 
five  sections,  Al  ,  UR,  CM,  PI,  1.1.  It  is  assumed  that  of  the  two  S  tone  groups  represented  bv  these 
markings,  the  user  knows  the  one  in  which  he  is  located. 

Coverage 

following  the  introduction  of  the  first  IVcca  Chain  in  104t>,  coverage  lias  steadily  grown  and  bv 
the  end  of  I0/.1  there  are  no  less  than  44  chains  in  operation  or  under  construction,  providing  an 
accurate  navigational  facility  in  the  areas  where  it  is  most  needed.  Iwo  and  a  halt  million  square  miles 
are  covered  in  North  West  tcrope  alone  In  North  America,  four  chains  provide  navigational  coverage  in 
the  Canadian  Marlt  hues,  lhe  waters  of  the  Persian  Gulf  are  completely  covered  bv  two  chains  providing 
pin-point  navigation  along  the  routes  to  the  oil  terminals  for  the  world's  tankers  |‘.i8|. 

Turther  to  the  I  ast ,  approaches  to  Bombay  and  Calcutta  are  serviced  by  two  chains,  and  in  Japan 
the  sea  areas  surrounding  Hokkaido  and  kvushu  if  tully  covered,  while  further  expansion  ot  the  IVcca 
System  is  planned  for  the  remainder  of  Japan  |S8|. 

In  the  Southern  Hemisphere  live  chains  are  in  operation  in  South  Africa  and  two  in  Australia. 

the  4.1  chain  locations  are  listed  below 

,’.l  Chains  In  I  m  ope  .1  Chains  in  Japan 

.'  Chains  in  the  Persian  Gulf  S  Chains  in  South  Africa 

4  Chains  in  North  America  Chains  in  Australia 

.  Chains  in  India  1  Chain  in  Indonesia 

I  Chain  in  Bangladesh 


Figure  14.  Transmission  Sequence 
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Figure  IS.  World-wide  Coverage 
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Accuracy 

Random  errors  arise  from  such  causes  as  mlnute-to-minute  changes  in  ionospheric  conditions,  short 
term  phase  changes  in  the  equipment,  errors  in  readinqs,  etc.  Decometer  readings  taken  at  a  qiven  point 
wit)  therefore  be  distributed  with  some  degree  of  spread  about  the  computed  Pecca  coordinates  ot  that 
point.  A  fair  estimate  for  the  standard  deviation  about  the  mean  value  of  a  large  number  ot  such  read 
inqs,  for  daytime  use  of  a  chain  at  distances  less  than  ISO  miles  (?75  km)  from  the  stations,  and  assuming 
seawater  transmission  paths,  is  0.01  mean  lanes.  A  "mean  lane"  is  a  convenient  unit  having  a  width  on 
the  baseline  that  is  roughly  the  average  of  the  red  and  qreen  lane  widths,  namely  500  m.  and  corresponds 
to  a  fictitious  comparison  frequency  of  300  H; .  A  change  of  0.01  mean  lanes  therefore  represents  a 
change  of  position  of  5  m  along  a  master/slave  baseline  (58|. 

The  standard  deviation  is  not  wholly  independent  of  range.  During  summer  daylight  the  increase  is 
very  small,  on  the  order  of  0.003  (1  ♦  d)  where  d  is  the  range  from  the  midpoint  of  the  baseline  in 
hundreds  of  miles.  In  winter  this  figure  may  be  approached  for  a  few  hours  in  the  middle  of  the  daylight 
period,  but  is  subject  at  other  times  of  day  to  an  increase  by  a  factor  of  up  to  four  or  more  At  night, 
the  patterns  are  in  general  much  less  stable,  due  to  increased  interference  by  the  skywave-propaqated 
signal  with  the  qroundwave  signal  to  which  the  lattice  computations  are  related  |58|. 

If  the  mean  observed  value  of  a  Decca  coordinate  at  a  qiven  point  differs  from  the  computed  value 
for  that  point,  and  the  difference  remains  unaltered  with  time,  a  systematic  error  in  the  pattern  is 
said  to  exist  at  that  point.  Errors  of  this  type  result  almost  entirely  from  effects  taking  place  along 
the  paths  between  the  transmitters  and  the  receiver.  A  systematic  error  would  result  from  an  incorrect 
assumption  of  the  mean  velocity  of  wave  propagation  in  computing  the  hyperbolic  pattern.  Relatively  local 
systematic  errors  also  occur,  mainly  through  differences  in  mean  propagation  speed  as  between  the  trans¬ 
mission  paths  to  the  observer  from  the  master  and  slave  stations  of  a  pair.  Such  uncertainties  must  be 
regarded  as  contributing  in  some  measure  to  the  random  error,  since  the  resulting  pattern  shifts  may 
vary  from  place  to  place  although  they  remain  constant  with  time.  The  contribution  to  the  random  error 
would  be  greater  in  broken  and  mountainous  country,  for  example,  than  over  flat  ground  of  uniform  soil 
conductivity,  and  would  be  negligible  in  the  case  where  the  transmission  paths  lay  wholly  overseawater  |58|. 

The  standard  deviation  of  0.01  mean  lanes  may  be  taken  as  a  reliable  guide  to  the  performance  ob¬ 
tained  in  off-shore  surveying  with  a  chain  sited  on  or  near  a  coastline.  In  unfavorable  terrain  condi¬ 
tions,  however  (for  example,  in  polar  coastal  regions  where  there  is  a  juxtaposition  of  seawater  with 
ground  of  extremely  low  conductivity),  a  standard  deviation  as  high  as  0.1  mean  lanes  might  have  to  be 
assumed  to  take  account  of  changes  in  fixed  error  from  place  to  place.  Users  of  the  permanent  Decca 
Navigator  chains  are  furnished,  in  the  data  sheets,  with  the  fullpst  possible  details  of  fixed  errors 
prevailing  in  the  coverage  of  the  various  chains  and  an  example  of  the  charts  used  for  this  purpose  is 
shown  in  Figure  16.  While  systematic  errors  of  the  kind  discussed  above  remain,  in  general,  unaltered 
with  time,  there  is  some  evidence  of  a  small  seasonal  fluctuation  in  error  values  in  certain  cases  of 
chains  sited  in  regions  of  low  conductivity  [58|. 

An  example  of  a  set  of  accuracy  contours  related  to  "times  other  than  daylight"  is  shown  In  Figure 
17,  together  with  the  associated  table  and  diagram  defining  the  time/season  factor  in  figure  18  158). 

4.4  VOR/ DMF ,  and  T AC  AN 

At  the  present  time,  the  standard  air  navigation  systems  in  the  United  States  and  many  other  coun¬ 
tries  are  V0R  (VHF  omni-directional  range),  DMf  (distance  measuring  equipment),  and  1ACAN  (tactical  ait- 
navigation  system).  V0R  is  the  civil  standard  bearing  measurement  system,  and  DMl  is  the  civil  standard 
distance  measuring  system.  TACAN  is  a  military  system  providing  both  bearing  and  distance  information. 

The  civil  DMF  and  the  distance-measuring  part  of  TACAN  are  essentially  identical  in  all  respects  and  are 
mutually  compatible  for  civil  and  military  users.  The  following  paragraphs  discuss  these  three  systems 
and  their  operational  characteristics  in  greater  detail. 

V0R  System 

The  current  international  civil  air  navigation  standard  is  the  Vlll  omni-directional  range  (V0R) 
system.  V0R  is  a  passive,  angle-measuring  system  which  provides  the  user  with  a  bearing  angle  relative 
to  the  VOR  transmitter.  In  the  II. S.  there  are  approximately  1000  V0R  transmitters  located  throughout 
the  world.  These  stations  are  strategical ly  located  so  that  air  routes  are  formed  by  joining  radials, 
which  are  angles  of  constant  hearing,  from  stations  located  near  the  desired  direction  of  flight.  Pro¬ 
gress  along  the  air  route  is  determined  by  measuring  the  bearing  of  a  crossing  radial  from  a  station 
that  is  off  the  airway.  Significant  air  traffic  control  points  along  the  route,  called  reporting 
points,  make  use  of  VOR  intersections  that  are  formed  by  radials  from  two  VOR  stations.  An  example 
of  a  tl.S.  air  route  is  shown  in  Figure  Id.  One  segment  of  route  V187  (Victor  187)  is  formed  by  the  ?36" 
radial  from  the  Missoula  V0RTAC  and  the  064"  radial  from  the  lewiston  VOR.  (The  differences  between  a 
VOR  and  a  V0RTAC  will  be  discussed  in  a  subsequent  section.)  The  reporting  point  named  Orofina  is  formed 
by  the  intersection  of  V187  and  the  181"  radial  from  Multan  Pass  VORlAt'  which  is  located  north  of  V187. 

The  VOR  system  has  been  the  II. S.  standard  air  navigation  system  since  144e  and  the  International 
standard,  as  established  by  the  Internat  ional  I'ivtl  Aviation  Organization  (ICAO),  since  1444.  It  will 
remain  the  internat ional  standard  until  at  least  I486  and  in  all  probability  will  continue  to  bo  in 
service  until  well  into  the  1440's. 

The  VOR  system  operates  in  the  VMf  band  from  10)1  to  118  Mil;  Ihe  band  from  10)1  to  IIP  Mil.'  is 
shared  with  the  localizer  portion  of  the  instrument  landing  system.  Ihe  spa, ing  between  adjacent  VOR 
freguencies  has  recently  been  reduced  from  100  kHz  to  60  kHz.  Ihis  spacing  produces  ?00  channels,  160 
of  which  are  used  for  VOR  and  40  for  localizer  systems.  Since  the  VOR  system  operates  at  Vlll  ,  the 
signals  are  basically  1 ine-of-sight  limited.  This  characterist ic  produces  station  range  limitations 
at  low  aircraft  altitudes.  This  can  produce  coverage  gaps  at  low  altitudes  for  locations  that  are  not 
near  VOR  facilities.  Ihis  problem  can  be  particularly  troublesome  in  mountainous  regions  where  mountain 
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Figure  16.  Example  of  Systematic  Error  Map  (from  "Decca  Navigator 
Operating  Instructions  and  Pata  Sheets") 


peaks  can  mask  signals  and  where  coverage  gaps  are  common  in  the  valleys.  Operating  at  VHT  can  also 
pose  serious  multipath  problems.  The  VllR  facility  site  must  he  carefully  selected  and  prepared  in 
order  to  minimize  multipath  related  problems.  The  results  of  signal  multipath  can  produce  large  bends 
and/or  scalloping  (high-freguency  bends)  of  the  VOR  radials  which  can  produce  errors  of  several  degrees 
in  the  aircraft's  position  |.T4|. 

VOR  Signal  Characteristics 

The  VOR  radiated  field  is  composed  of  two  parts;  a  figure-eight  pattern  which  rotates  at  .10  Hz, 
and  an  omni-directional  reference  signal  which  contains  a  fixed  ,10-Hz  tone.  The  phase  difference 
between  these  two  signals  varies  directly  with  the  aircraft's  bearing  from  the  station.  The  two  signals 
are  in  phase  in  the  magnetic  north  direction.  The  signals  are  generated  mechanically  from  the  same 
source,  an  1 800  rpm  constant  speed  motor.  Thus,  small  speed  errors  affect  both  the  rotating  and  reference 
signal  and  produce  no  apparent  errors  in  the  phase  difference. 

The  signal  is  produced  by  a  crystal-controlled  transmitter.  The  reference  phase  is  developed  from 
an  off-center,  motor-driven  tone  wheel  which  imparts  a  d%0  *  4ill)  Hz  freguency  shift  to  the  .10  Hz  signal. 
This  signal  is  mixed  with  the  transmitter  signal  to  produce  the  freguency  modulated  reference  phase 
signal.  Additional  modulation  may  be  applied  to  this  signal  in  the  form  of  Morse-code  tones,  which 
identify  the  station  and/or  voice.  The  rotating  signal  is  produced  by  feeding  an  unmodulated  trans¬ 
mitter  signal  to  a  motor-driven  goniometer.  The  output  of  the  goniometer  is  the  amplitude-modulated 
rotating  phase  signal. 

These  signals  are  then  applied  to  a  balanced  bridge  network  which  in  turn  feeds  four  Alford  loop 
antennas.  The  Alford  loop  antennas  are  used  to  radiate  a  horizontally  polarized  signal.  The  four  loops 
are  phased  to  produce  the  figure-eight  pattern  for  the  rotating  signal  and  the  omni-directional  pattern 
for  the  reference  signal.  The  bridge  networks  are  used  to  balance  the  antenna  loads  so  that  the  two 
signals  may  be  applied  to  the  same  antenna  elements  without  affecting  each  other  Ihe  antennas  are 
arranged  in  a  sguare  pattern  and  are  placed  a  half  wavelength  above  a  metal  mesh  counterpoise. 
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FOR  TIMES  OTHER  THAN  'FUU  DAYLIGHT' 
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Figure  17.  Example  of  Published  Accuracy  Contours  for  24-Hour  Operation 
(to  be  read  in  conjunction  with  Figure  16) 


Airborne  VOR  Equipment 

The  airborne  VOR  equipment  generally  consists  of  a  horizontally  polarized  receiving  antenna  connected 
to  one  of  several  types  of  receivers.  come  of  the  receiver  options  include: 

•  panel-mounted  naviqation/communication  (nav/com)  receiver-indicator 

•  panel -mounted  navigation  receiver-indicator 

•  remotely  mounted  navigation  receiver  connected  to  panel  mounted  indicators 

In  all  of  these  configurations  the  receiver  function  is  the  same;  that  is,  to  receive  and  detect  the 
VOR  rotating  and  reference  signals  and  other  audio  voice  and  identification  signals.  Since  the  VOR  and 
the  VHF  aircraft  communication  bands  are  adjacent  and  the  VOR  signal  requires  some  audio  processing, 
lower  priced  units  often  combine  the  navigation  and  communication  functions  to  reduce  costs;  however, 
the  high-priced  units  generally  separate  the  communication  and  navigation  functions.  The  AM  and  1M 
detection  process  produces  two  30  Hz  signals,  one  containing  the  reference  phase  signal  and  one  contain¬ 
ing  the  rotating  phase  signal.  Comparison  of  the  phase  of  these  signals  produces  the  bearing  of  the 
aircraft  from  magnetic  north  relative  to  the  station.  This  phase  comparison  is  often  made  bv  a  manual 
phase  shifter  called  an  omni-bearing  selector  (OBS)  which  rotates  tnrough  360°  of  phase  shift.  Two 
indicators  are  used  to  show  the  30  Hz  phase  relationships.  The  first  is  a  course  deviation  indicator 
(CHI )  which  indicates  the  aircraft’s  proximity  to  the  radial  selected  by  the  OBS  control.  A  full  scale 
deflection  fs  approximately  *10°  of  phase  shift.  The  second  indicator  is  a  "TO/FROM"  flag.  This  indi¬ 
cator  shows  whether  the  phase  between  the  two  VOR  signals  is  near  0°  (a  FROM  indication)  or  180"  (a  TO 
indication).  This  indicator  arrangement,  permits  the  pilot  to  set  an  OBS  bearing  that  is  approximately 
equal  to  his  desired  magnetic  heading  (in  zero  wind  conditions),  and  to  fly  toward  or  away  from  the 
VOR  station.  An  i 1  lustration  of  conventional  VOR  indications  is  shown  in  Figure  20. 
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Figure  18.  Table  and  "Onion"  Time/Season  Diagram  for  use  with  Figure  17. 
(From  "The  Decca  Navigator  Operating  Instructions  and  Data  Sheets") 
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Figure  19.  VOR  Airways  and  Intersections 
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Figure  .’0.  Course  Deviation  Indicator 


Low  cost  VOR  receiver-indicators  generally  contain  only  the  DBS  control  with  the  CD!  and  TO/FROM 
indicator.  Aircraft  with  an  electrical  source  of  aircraft  heading  information  (such  as  a  slaved  magnetic 
compass)  often  combine  headinq  and  VOR  information  on  a  display  called  a  radio-magnetic  indicator  (RMI). 
With  an  RMI,  the  aircraft  heading  is  shown  by  a  lubber  line  on  a  compass  card.  The  shift  between  the 
VOR  rotating  and  reference  phase  is  detected  by  a  servo-driven  phase  shifter  and  displayed,  relative  to 
north  on  the  compass  card,  by  a  needle  that  pivots  about  the  center  of  the  compass  card.  In  this  display, 
the  needle  points  in  the  direction  of  the  station.  The  RMI  display  permits  the  pilot  to  quickly  deter¬ 
mine  the  position  of  his  aircraft  relative  to  the  VOR  station.  An  example  of  the  R"I  display  is  shown 
in  Figure  21.  Often  two  needles  driven  by  two  VOR  receivers  are  provided  on  the  RMI.  One  needle  is 
connected  to  the  VOR  which  provides  the  airway  radial  and  the  second  needle  points  to  the  VOR  station 
which  provides  crossing  radial  information  so  that  VOR  intersections  or  ATC  reporting  points  may  be 
determined  readily. 

In  airline  quality  avionics,  the  CD1  types  of  display  and  compass  information  are  often  combined 
in  a  horizontal  situation  indicator  (HSI).  In  this  instrument,  aircraft  heading,  desired  course  and 
track  deviation  are  displayed  together  to  aid  the  pilot  in  rapidly  determining  the  position  of  his  air¬ 
craft  relative-to  the  desired  track  (OBS  setting)  to  or  from  the  VOR  station.  The  course  deviation 
signal  from  the  VOR  indicator  may  be  used  by  aircraft  flight  control  instruments  for  guidance  purposes. 
Aircraft  flight  directors  and  autopilots  often  have  the  capability  to  use  VOR  course  deviation  inputs 
for  aircraft  flight  path  control. 

VOR  Cove rage 


facilities  are  divided 

into  three  categories; 

they  are 

CLASS 

ALTITUDE 

RANG! 

H 

(high  altitude) 

above  4S.000  ft 

100  nm 

18,000-45,000  ft 

130  nm 

14,500-18.000  ft 

100  nm 

L 

( low  altitude) 

up  to  18,000  ft 

40  nm 

T 

( termina  1 ) 

up  to  12.000  ft 

25  nm 

limitations  on  V or  range  are  caused  by  signal  power  limitations  or  frequency  protection.  Generally,  the 
range  limitation  at  the  higher  altitude  levels  is  for  reasons  of  frequency  protection.  Additional  range 
capability  may  bp  specified  for  a  VOR  facility  if  flight  inspection  indicates  that  performance  is 
satisfactory.  The  existing  facilities  provide  extensive  navigation  coverage  and  provide  for  air  routes 
throughout  large  portions  of  the  United  States  and  along  major  air  commerce  routes  in  the  world;  how- 
eirr,  large  VOR  coverage  qaps  exist  at  low  altitudes  over  sparsely  populated  U.S.  land  areas,  large  land 
areas  'f  the  rest  of  the  world  and  in  nearly  all  oceanic  airspace.  Consequently,  VOR  is  somewhat  limited 
as  to  its  area  of  coverage  and  its  ability  to  provide  navigation  services  in  remote  and  over-water  areas. 
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VOR  System  Errors 

The  VOR  system  errors  are  usually  stated  in  terms  of  ground  and  airborne  equipment  errors,  OBS  set¬ 
ting  error  and  flight  technical  error.  Ground  system  errors  are  generally  caused  by  site-related  prob¬ 
lems  of  multipath  and  reflection.  Since  the  VOR  signals  are  continuous  wave  (CW)  rather  than  pulsed, 
any  reflected  or  reradiated  energy  at  the  receiving  antenna  can  affect  the  phase  of  the  incoming  signal 
and  produce  errors.  These  errors  are  minimized  by  careful  site  selection  and  preparation  to  eliminate 
as  many  sources  of  multipath  as  possible.  In  some  areas,  however,  this  is  not  possible  or  practical. 
When  this  happens  there  are  three  options  available  to  the  designer.  They  are: 

•  Move  to  another  site 

•  Use  the  existing  site  but  publish  notices  to  airmen  (NOTAM's)  describing  unusable  VOR  radials 

•  Install  a  Doppler  VOR 

The  Doppler  VOR  will  be  discussed  in  a  subsequent  section.  Typical  error  levels  for  ground  stations 
are  on  the  order  of  *  1 . 9  (?o  level)  |?9|with  many  facilities  able  to  achieve  *1.0°  (.’■  level). 

Errors  in  the  airborne  system  can  arise  from  a  number  of  sources  including  circuit  nonl ineari t ies , 
temperature  variations,  receiver  set  noise,  phase  angle  resolution,  etc.  Generally,  lower  quality  units 
have  errors  on  the  order  of  +.1.0°  or  less  (2c  level)  while  well  maintained,  modern  receivers  can  achieve 
an  accuracy  level  of  +1.0*  or  better  (2c  level).  In  recent  tests,  OBS  setting  errors  wore  found  to  be 
on  the  order  of  +2.0°  (2c  level)  l 60 ) .  Flight  technical  error,  or  the  ability  of  the  pilot  or  autopilot 
to  keep  the  CD!  needle  centered,  is  often  quoted  as  being  on  the  order  of  +2.5*.  lhese  error  contribu¬ 
tions  led  the  route  design  authorities  to  assign  a  route  width  to  VOR  airways  which  is  the  greater  of 
♦4.0  nm  or  +4.5°. 


Ooppl er  VOR 

Problems  with  site  error  led  to  the  development  of  the  Doppler  VOR  system.  This  system  is  based 
upon  the  use  of  wide  aperture  antenna  principles.  Theoretically,  the  site  error  is  inversely  propor¬ 
tional  to  the  antenna  aperture.  In  conventional  VOR  antenna  desiqn,  the  aperture  is  approximately  one- 
half  wavelength  (about  4,4  ft).  The  Dopper  VOR  utilizes  52  Alford  loop  antennas  uniformly  spaced 
around  a  44  ft.  diameter  circle.  These  antennas  are  fed  by  a  capacitive  commutator  which  in  effect 
simulates  the  rotation  of  a  single  antenna  with  a  radius  of  2?  ft.  Rotation  is  at  20  Hz  with  a  sub¬ 
carrier  frequency  of  4960  Kz  above  the  carrier  frequency.  The  carrier  frequency  is  amplitude-modulated 
at  30  Hz  and  radiated  by  an  Alford  loop  in  the  center  of  the  array.  The  net  result  is  an  AM  reference 
signal  at  the  carrier  frequency  and  a  TM  rotating  signal  at  a  sideband  9960  Hz  above  the  carrier.  Thus, 
the  roles  of  the  rotating  and  reference  signals  are  reversed  in  the  Doppler  VOR  but  the  phase  relationship 
between  the  two  signals  is  unchanged.  Consequently,  the  operation  of  the  airborne  receiver  is  unaffected 
and  Doppler  VOR  signals  can  be  received  and  processed  by  using  receivers  designed  for  conventional 
VOR  signals.  In  actual  fact,  both  the  upper  and  lower  sidebands  of  the  0960  Hz  subcarrier  are  trans¬ 
mitted.  This  was  done  to  compensate  for  some  receiver  designs  in  order  to  accommodate  all  VOR  users. 

The  effective  aperture  of  the  Doppler  VOR  a  cay  is  approximately  44  ft.  or  10  times  the  aperture 
of  the  conventional  VOR  antenna.  Thus,  a  tenfold  reduction  in  site  error  is  theoretically  possible. 


Tests  on  previously  unsatisfactory  VOR  sites  essentially  confirmed  the  theoretical  predictions.  Maximum 
errors  with  the  Doppler  VOR  were  reduced  from  about  3”  to  less  than  0.5'  (34, till  at  several  test  sites. 


VOR  System  Developments 

Some  experimental  development  work  was  performed  on  precision  VOR  systems  (P-VOR)  in  the  late  1460's 
by  the  PAA.  A  multiple-lobe  structure  was  developed  which  produced  a  "coarse"  and  "fine"  pattern 
arrangement  of  phase  measurements  for  greater  airborne  resolution.  One  experiment  produced  a  13-lobe 
pattern  with  a  theoretical  accuracy  improvement  of  9?;.  With  a  Doppler  VOR  ground  system  and  a  multi- 
lobe  signal  pattern,  total  VOR  system  equipment  accuracies  on  the  order  of  0.25°  were  anticipated.  The 
benefits  of  P-VOR  could  not  be  justified  by  the  additional  airborne  and  ground  system  costs  so  further 
development  plans  were  dropped. 

One  VOR  system  development  that  is  being  pursued  at  the  present  time  in  the  O.S  is  VORTAC  moderni¬ 
zation.  It  has  been  recently  determined  that  it  is  cost-effective  to  upgrade  most  existing  tube-type 
VOR  transmitters  in  the  U.S.  to  solid-state  design.  This  program  will  be  carried  out  through  1985  by 
the  1AA. 

Distance  Measuring  Equipment  (DM!) 

DME  |34|  is  an  active  (as  opposed  to  passive)  electronic  range-measuring  system.  Since  1959,  the 
VOR  and  DMt  systems  have  formed  the  ICAO  standard  short-range  navigation  system.  In  addition,  the  dis¬ 
tance  measuring  portion  of  the  military  navigation  system  called  Tactical  Air  Navigation  System  (TACAN) 
uses  the  same  signals  as  the  civil  PMF.  Consequently,  the  colocation  of  VOR  and  TACAN  facilities 
(called  VORTAC)  is  common  practice  throughout  the  United  States  and  many  other  countries. 

DME  Opera tional  Cha rac t er i st i c s 

The  DMF  frequency  band  runs  from  960  to  1215  MHz.  The  band  is  divided  into  126  channels  spaced 
1  MHz  apart.  Of  these  channels,  100  have  been  paired  with  corresponding  VOR  frequencies.  At  VORTAC 
facilities  the  frequencies  assigned  to  the  VOR  and  TACAN  are  selected  according  to  this  paired  arrange¬ 
ment.  Equipment  manufacturers  have  developed  frequency  selectors  that  can  tune  both  the  VOR  and  the 
DME  by  selecting  the  VOR  frequency  only.  This  has  resulted  in  reduced  pilot  workload  and  improved 
safety  by  reducing  the  number  of  tuning  operations  and  minimizing  the  problem  of  setting  the  VOR  and 
DME  to  non-colocated  faciliti  s. 

Recently,  to  acconmodate  the  expanded  channel  capacity  of  VOR,  which  resulted  from  reducing  VOK 
bandwidth  from  100  kHz  to  50  kHz,  a  modified  DME  signal  format  was  introduced.  The  existing  DME 
format  was  labeled  X-channel  and  was  retained  to  accompany  the  original  100  VOR  and  localizer  frequen¬ 
cies  (those  that  are  divisible  by  100  kHz,  i.e.,  110.10,  110.20,  110.30 . 117.80,  117.90).  The  new 

DME  format  was  labeled  Y-channel  and  accompanies  the  new  VOR  and  localizer  frequencies  (110.05,  110.15, 
110.25 .  117.85,  117.95). 

The  DME  system  basically  measures  round-trip  propagation  time  from  the  aircraft  to  the  ground 
facility  and  back  to  the  aircraft.  The  DME  signal  is  initiated  by  the  aircraft  interrogator  which 
emits  two  RF  pulses  spaced  12  us  apart  on  X-channel  and  36  ..s  apart  on  Y-channel.  The  pulses  are  nom¬ 
inally  3.5  ,.s  in  duration.  The  pulses  are  received  at  the  DME  ground  facility,  delayed  for  50  us, 
shifted  63  MHz  in  frequency  and  retransmitted  at  12  us  (X-channel)  or  30  us  (Y-channel)  spacings.  The 
retransmi tted  pulses  are  received  by  the  aircraft's  DME  receiver  and  sorted  to  determine  valid  replies. 
The  round-trip  delay  time  is  measured,  the  transponder  time  delay  is  removed  and  the  resulting  delay 
is  converted  to  nautical  miles  (approximately  12.3  us/nm)  and  displayed  to  the  pilot.  Aircraft  displays 
are  generally  one  of  three  types.  Low-cost  systems  often  employ  a  meter-type  display  where  an  analog 
voltage  which  is  proportional  to  DME  distance  is  produced.  Two  scale  factors  are  usually  provided  in 
the  instrument.  Typically  these  factors  are  about  25  and  100  miles  full  scale.  Airline  type  DME 
indicators  often  employ  four  rotating  servo-driven  drums  which  indicate  hundreds,  tens,  ones,  and 
tenths  of  nautical  miles.  Recently,  light-emitting  diode  (LED)  displays  have  been  employed  in  both 
general  aviation  and  airline  DME  instrument  displays.  The  LFD  display  presents  a  digital  readout 
that  is  similar  to  the  four-drum  type  indicator. 

Ai rborne  Interrogator  Unit 

The  airborne  interrogator  unit  produces  and  transmits  the  DME  pulse  pair  at  a  pulse  repetition  fre¬ 
quency  varying  from  5  to  150  pulse  pairs  per  second.  The  higher  rate  is  used  during  signal  acquisition 
and  the  lower  rate  is  used  for  tracking  purposes  after  the  signal  has  been  acquired  by  the  airborne 
receiver.  The  pulse  pairs  are  used  to  distinguish  the  DME  pulses  from  other  potential  interfering  RF 
energy.  The  peak  power  outputs  of  airborne  units  range  from  about  50  to  1000  watts.  The  interrogator 
pulse  pair  repetition  rate  is  purposely  allowed  to  vary  in  order  to  distinguish  that  interrogator  from 
interrogators  on  other  aircraft. 

Ground  Transponder  Unit 

The  DME  ground  facility  receives  the  interrogator  signal  on  the  appropriate  frequency,  delays  the 
signal  for  50  ps,  shifts  the  frequency  by  63  MHz  and  retransmits  the  pulse  pair  back  to  the  interrogator. 
The  63  MHz  frequency  shift  is  used  so  that  use  of  the  same  circuit  elements,  such  as  antennas  and  oscil¬ 
lators,  can  be  used  for  both  transmission  and  reception.  Common  design  practice  is  to  utilize  a 
receiver  intermediate  frequency  (IF)  of  63  MHz  to  coincide  with  the  63  MHz  shift  provided  bv  the  ground 
fac i 1 i ty . 

For  a  number  of  reasons  it  is  desirable  to  have  the  ground  facility  transmit  a  fairly  constant 
number  of  pulses  per  second.  From  the  ground  facility  standpoint,  the  transmitter  is  operating  at  a 
constant  average  power  level  which  is  kept  within  its  design  limits.  From  the  airborne  system  view¬ 
point,  the  interrogator  receives  a  constant  number  of  pulses  to  process  which  aids  in  its  design.  The 


I*.  —  i 


DM!  ground  facility  is  sot  up  to  automat ical ly  adjust  the  receiver  sensitivity  to  maintain  a  pulse 
pair  repetition  rate  of  about  3000  pulse  pairs  per  second.  If  there  are  not  sufficient  aircraft  users 
to  provide  this  output  rate,  the  ground  receiver  sensitivity  is  increased  to  provide  noise  or  squitter 
pulses  to  the  transmitter  to  maintain  the  desired  rate.  These  squitter  pulses  are  ignored  by  the 
airborne  receiver. 

Since  the  DMl  ground  facility  is  active  and  has  an  upper  limit  of  about  3000  pulse  pairs  per 
second,  the  DME  facility  can  become  saturated  if  too  many  aircraft  attempt  to  use  the  facility.  Under 
the  assumption  that  most  aircraft  interrogators  are  in  the  track  mode  which  operates  around  ?0-60  pulse 
pairs  per  second,  approximately  one  hundred  aircraft  may  be  serviced  before  the  facility  becomes  satur¬ 
ated.  Since  ground  receiver  sensitivity  is  used  to  control  the  transponder  pulse  pair  rate,  the  stronqer 
signals  at  the  ground  facility  will  be  served  at  the  expense  of  the  weaker  signals.  Thus,  preference  is 
implicitly  given  to  aircraft  close  to  the  facility  or  aircraft  with  powerful  interrogator  transmitters. 

The  interrogator-receiver  freguencies  differ  in  X-  and  Y-channel  operations.  For  X-channel  opera¬ 
tions,  channels  1-63  shift  the  freguency  downward  while  channels  64-l?6  sift  the  frequency  upward. 

On  Y-channel  the  procedure  is  reversed.  Twenty-six  (52  counting  both  X-  and  Y-channel  operations)  DME 
channels  are  not  assigned  to  corresponding  VOR  frequencies,  but  are  reserved  as  TACAN-only  channels.  The 
Correspondence  between  TACA  channels  and  VOR  frequencies  is  shown  in  Table  10. 


Table  10 

Correspondence  Between  TACAN  Channels  and  VOR  Frequencies 
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I'M!  Airborne  Receiver 


The  receiver  portion  of  the  DME  interrogator  must  receive  and  decode  the  DME  pulse  pairs  and  convert 
the  information  into  distance.  The  pulse  string  is  received,  filtered  to  remove  frequencies  outside  the 
desired  band  and  mixed  with  the  transmitter  to  produce  a  63  MHz  signal  modulated  by  the  pulse  amplitudes. 
The  signal  then  is  amplified  using  a  63  MHz  IF  amplifier  which  produces  the  received  pulse  string.  The 
received  pulses  are  then  compared  to  the  transmitted  pulse  string  and  a  correspondence  is  sought  between 
the  two  pulse  strings.  Early  versions  of  DME  processors  utilized  moving  gates  to  perform  the  comparison 
and  the  procedure  could  take  as  long  as  30-60  sec  to  acquire  the  proper  range  value  during  the  initial 
lock-on"  phase.  Recently,  digital  processing  and  correlation  detection  procedures  have  reduced  the 
acquisition  time  greatly  and  the  process  now  usually  takes  less  than  6-10  seconds  wit  some  sets  claim¬ 
ing  acquisition  in  a  traction  of  a  second.  After  acquisition  is  accomplished,  the  processor  goes  into 
track  mode  in  which  the  pulse  pair  repetition  rate  is  reduced  from  about  160  pulse  pairs  per  second 
during  acquisition  to  about  .'6  pulse  pairs  per  second  or  less  during  tracking.  On  1LS  frequencies,  the 
pulse  repetition  rate  is  kept  at  a  fairly  high  rate  (76-100  pps)  to  achieve  a  higher  degree  of  accuracy. 
If  the  DME  signal  is  lost  for  a  short  period  of  time,  the  DME  tracking  circuitry  goes  into  a  coast 
mode  during  which  attempts  are  made  to  reacquire  the  signal  without  initiating  the  acquisition  mode. 

If  the  signal  is  not  reacquired  after  about  10  seconds,  the  pulse  repetition  rate  increases  and  the 
search  is  begun  for  the  signal  in  acquisition  mode. 

DME  Coverage 

Single-station  coverage  for  DME  is  limited  to  1 ine-of-sight  similar  to  VOR.  Thus  coverage  gaps 
do  occur  at  low  altitudes  and  in  mountainous  areas.  Also,  interference  due  to  frequency  protection 
considerations  occur  at  high  altitudes.  Consequently,  the  coverage  of  DM!  and  VOR  portions  of  VORTAC 
facilities  is  assumed  to  be  the  same  (see  previous  section  on  VOR  coverage).  Throughout  the  United 
States  most  VOR  facilities  are  actually  VORTAC’s.  This  is  especially  true  of  those  facilities  which 
comprise  the  ll.S.  National  Airwavs  System.  A  high  percentage  of  these  facilities  are  VORTACs,  and 
thus,  the  VOR  and  DME  coveraqe  in  the  U.S.  is  nearly  identical. 

DM!  System  Accuracy 

The  ICAO  limit  for  DME  system  accuracy  is  the  gi  >ater  of  0.6  nm  or  3’  of  range.  In  actual  fact, 
most  DME  systems  are  much  more  accurate  than  t h i *  standard.  Errors  of  less  than  0.1  nm  are  not  uncom¬ 
mon  with  modern  digital-processor  receivers.  The  limitation  on  accuracy  at  the  present  time  consists 
of  pulse  delay  stability  at  the  ground  facility  and  pulse  leading-edge  time  measurements  at  the  air¬ 
craft  receiver. 
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Vl'K  .'Mt  Area  Navigation 

The  VOR  PMt  system  of  navigation  produces  airways  that  converge  over  the  ground  facilities.  Also, 
these  routes  tend  to  contain  bends  and  "doglegs"  which  are  necessarily  caused  by  the  requirement  to  fly 
along  VOW  radial-.  In  order  to  permit  greater  flexibility  in  airway  design  and  shorter,  straighten 
routes,  area  navigation  (RNAv)  equipment  has  been  designed  and  built  to  remove  some  of  the  constraints 
of  the  VOR.  PMt  system. 

Two  generic  type,  of  RNAV  units  are  in  use.  The  low-cost  type  RNAV  units  are  called  course  line 
computers.  In  these  systems  the  VORTAC  station  is  electrically  moved  along  a  specified  radial  and 
distance  to  the  desired  position  called  a  waypoint.  Once  the  waypoint  position  has  been  established, 
the  navigation  procedure  to  fly  to  or  from  waypoints  is  virtually  identical  to  flying  to  or  from  a 
VORTAC.  These  low-cost  systems  generally  have  limited  waypoint  storage  capacity  and  do  not  have  the 
operational  and  procedural  flexibility  of  the  second  type  of  RNAV  unit  which  is  the  geographic  reference 
RNAV  system.  These  low-cost  units  generally  range  in  price  from  $2,000  to  $15,000. 

The  geographic  reference  RNAV  system  permits  the  use  of  waypoints  coded  in  latitude  and  longitude 
coordinates.  These  systems  often  have  the  capability  to  store  several  waypoints,  even  up  to  entire 
airline  route  structures,  in  mass  storage  devices.  Distance  and  bearing  data  from  the  PMt  and  VOR  are 
digitized  and  processed  by  a  digital  computer  into  navigation  information  such  as  distance  to  waypoint, 

.  rosy  -  track  deviation,  track-angle  error,  ground  speed,  estimated  time  enroute,  etc.  These  RNAV  units 
are  often  compatible  with  other  area  navigation  systems  and  permit  VOR/DMF  data  to  be  processed  along 
with  air  data,  compass  data,  inertial  navigation  systems.  Omega,  etc.  These  navigation  and  flight 
management  systems  can  cost  from  $12,000  to  $150,000  depending  on  the  storage  capacity  and  degree  of 
sophist icat ion. 

TAlAN  System 

TACAN  was  developed  as  a  military  navigation  system  after  the  end  of  World  War  II  (34,621 .  Like 
VOR  PMt,  TACAN  provides  bearing  and  distance  information  relative  to  the  reference  facility.  From  a 
pilot's  point  of  view,  the  operation  of  the  navigation  instruments  and  the  navigation  procedures  are 
identical  with  VOR.  PMt  and  TACAN.  The  major  difference  in  the  two  systems  is  the  generation  and  opera¬ 
tion  of  the  bearing  signal  which  is  entirely  different.  The  only  differences  in  the  distance  measuring 
portion  of  TACAN  and  PMt  are  caused  by  the  inclusion  of  bearing  information  on  the  TACAN  signal  which 
causes  some  DMF  pulses  to  be  suppressed,  and  the  sliqht  loss  of  signal  strength  on  some  pulses  due  to 
amplitude  modulation  of  the  pulses.  Since  the  DMt  system  has  been  discussed  in  a  previous  section,  only 
the  characteristics  of  the  TACAN  bearing  signal  will  be  described  in  this  section. 

TACAN  Rearing^  Signal  Characteri st ics 

The  TACAN  bearing  siq'-ils  utilize  the  same  frequency  spectrum  and  channels  as  the  TACAN  distance 
signals;  that  is,  960-1215  MHz  in  1-MHz  steps.  The  bearing  signals  are  passive,  however,  and  are  gener¬ 
ated  at  the  ground  facility.  Because  of  its  higher  frequency,  TACAN  antennas  can  be  physically  smaller 
than  VOR  antennas.  This  makes  mobile  or  portable  transmitters  more  feasible  for  TACAN  then  VOR.  and 
thus,  increases  its  tactical  capability  for  military  operations.  The  rotating  and  reference  signal 
concept  used  for  VOR  is  also  used  for  TACAN,  however,  the  means  of  generating  and  transmitting  these 
signals  differs  considerably  from  VOR.  TACAN  uses  a  multilobe  signal  format  to  enhance  bearing  accuracy 
This  requires  a  coarse-fine  type  of  measurement  in  the  aircraft  receiver.  The  rotating,  coarse  signal 
is  generated  bv  rotating  a  parasitic  element  around  the  central  element  of  the  antenna  at  a  rate  of  15 
revolutions  per  second.  This  imparts  a  15-Hc  .mpl  i  tilde-modulated  signal  on  the  PMt  pulses  that  are 
being  transmitted  through  the  antenna.  Also  rotating  around  the  antenna  at  the  same  15-revolutions-per- 
second  rate  is  a  9-parasitic  element  cylinder  that  imparts  an  additional  135-Hz  amplitude-modulated 
signal.  The  135-Hz  signal  is  used  for  the  fine  bearing  measurement. 

The  bearing  reference  signals  are  produced  by  sending  coded  pulse  bursts  as  each  of  the  parasitic- 
elements  is  passing  through  north.  During  the  north  reference  bursts,  the  PMt  pulses  are  suppressed. 

The  reference  pulse  code  for  the  15-Hz  north  reference  signal  differs  from  that  of  the  135-Hz  auxiliary 
reference  signal.  Also  the  codes  for  X-channel  and  Y-channel  reference  pulses  differ  considerably.  The 
bearing  reference  pulse  codes  are  shown  in  Table  II.  The  actual  north  reference  point  occurs  132  us  and 
lhs  .  after  the  start  of  the  reference  bursts  for  X-channel  and  V-channel ,  respectively.  In  addition 
to  the  north  and  auxil:  y  reference  pulses,  a  1350-pulse-per-second  signal  is  produced  to  be  used  for 
rotor  speed  control  and  station  identification  tones  which  are  transmitted  every  30-40  seconds. 
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TACAN  Bearing  Reference  Signals 
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Airborne  TACAN  Bearing  Receiver 


The  TACAN  bearing  receiver  usually  obtains  the  coded  bearing  signal',  from  the  same  antenna  that  is 
used  for  the  DME  interrogations  and  replies.  In  typical  analog  receivers  the  coded  north  reference 
bursts  are  decoded  and  sent  to  one  side  of  a  coarse  phase  comparator.  The  auxiliary  bursts  are  simi¬ 
larly  decoded  and  sent  to  a  fine  signal  comparator.  The  AH  15-Hz  and  135-Hz  signals  are  detected  and 
separated  by  filters.  The  filter  outputs  are  sent  to  two  servo-driven  phase  shifters  that  are  mechani¬ 
cally  linked  through  a  9:1  ratio  qear  train.  The  outputs  of  the  two  phase  shifters  drive  the  coarse 
and  fine  phase  comparators.  When  the  coarse  comparator  is  out  of  phase  by  more  than  +  20°,  its  output 
is  connected  to  a  servo  feedback  system  which  drives  the  coarse  phase  shifter  to  null  the  comparator 
output.  When  this  has  been  achieved  to  a  satisfactory  level,  the  servo-mechanism  is  switched  to  the 
fine  phase  comparator  which  drives  the  fine  phase  shifter  to  null  the  fine  comparator  output.  In 
recent  years,  digital  receiver  design  has  developed  to  the  point  where  many  receivers  presently  in 
use  make  use  of  solid-state  components  to  perform  the  signal  detection  and  processing. 

TACAN  Bearing  Accuracy 

The  TACAN  bearing  accuracy  can  vary  considerably  depending  upon  site  errors,  received  signal  strength 
and  receiver  design.  Linder  ideal  site  conditions  with  strong  signals,  the  modern  solid-state  receivers 
can  provide  bearing  accuracies  on  the  order  of  0.2°  to  0.5".  Under  less  favorable  conditions,  bearing 
accuracies  can  degrade  to  a  1.0°  to  2.0°  level.  In  poor  signal  and  poor  site  conditions,  care  must  be 
taken  to  assure  that  large  bearing  angle  errors  in  the  15-Hz  signal  do  not  cause  a  false  bearing  acquisi¬ 
tion  of  the  135-Hz  fine  signal.  This  error  can  cause  bearing  errors  of  +40°. 

REFERENCES 

1.  "Economic  Requirements  Analysis  of  Civil  Air  Navigation  Alternatives,  Vols.  I  and  II,"  Systems 
Control,  Inc.,  Palo  Alto,  CA,  April  1978,  Report  FAA  ASP  78-3. 

2.  "Study  of  the  Performance  of  Aids  to  Navigation  Systems  -  Phase  1,  Closed  Loop  Model  of  the  Process 
of  Navigation,  Systems  Control,  Inc.,  Palo  Alto,  CA,  March  1978,  Report  CG-D- 38-78. 

3.  "National  Plan  for  Navigation,"  U.S.  Department  of  Transportation,  November  1977. 

4.  ICAO  Regional  Plan  Publications. 

5.  "Annex  10  to  the  Convention  of  International  Civil  Aviation,"  Vol .  II,  July  1972. 

6.  "Loran-C,  Jmega,  and  Differential  Omega  Applied  to  the  Civil  Air  Navigation  Requirement  of  CONUS, 
Alaska,  and  Offshore,"  Vols.  I,  II,  and  III,  Systems  Control,  Inc.,  April  1978,  LAA-RD-78-30. 

7.  International  Convention  for  the  Safety  of  Life  at  Sea,  1974  Message  from  the  President  of  the 
United  States  Transmitting  the  International  Convention  for  the  Safety  of  Life  at  Sea,  1974, 

London,  Nov.  1,  1974,  U.S.  Government  Printing  Office,  57-1180,  1976. 

8.  Minimum  Performance  Standards,  Marine  Loran-C  Receiving  Equipment  Radio  Technical  Commission 
for  Marine  Services,  Dec.  20,  1977,  report  of  Special  Committee  Ho,  70. 

9.  Advanced  Navigational  Techniques,  W.T.  Blackland,  editor,  AGARD  Conference  Proceedings  Number  Twenty- 
Eight,  January  1970. 

10.  J.M.  Beuckers,  "Radio  Navigation  in  North  America  -  the  Next  25  Years,"  30th  Annual  Meeting  of  the 
Institute  of  Navigation,  San  Diego,  California,  1974. 

11.  "Department  of  Transportation  Radionavigation  Action  Plan  Survey."  September  1978. 

12.  Report  of  Department  of  Transportation,  Air  Traffic  Control  Advisory  Committee,  December  1969, 

Vols.  I  and  2,  Dr.  L.A.  Goldmuntz,  President,  Ben  Alexander,  Chairman. 

13.  "Radio  Aids  to  Navigation  for  the  U.S.  Coastal  Confluence  Region,"  prepared  by  Polhemus  Navigation 
Sciences,  Inc.,  for  the  Department  of  Transportation,  U.S.  Coast  Guard,  Vols.  1,  2,  3  A  4,  March  1972. 

14.  "Department  of  Transportation  National  Plan  for  Navigation,  Annex,"  July  1974. 

15.  Report  to  Congress,  "Navigation  Planning  -  Need  for  a  New  Direction,"  by  the  Comptroller  General, 

March  1978. 

16.  Dr.  A.  Goldsmith,  "Meeting  the  Priority  Radio  Navigation  Needs  of  the  United  States.  Final  Report, 
Office  of  Secretary,  Department  of  Transportation,  September  1973. 

17.  F.J.  Shafer,  "General  Accounting  Office  Study  of  Radio  Navigation  Systems,"  presented  to  Subcommittee 
on  Coast  Guard  and  Navigation  of  the  Committee  on  Merchant  Marine  and  Fisheries,  U.S.  House  of 
Representatives,  March  28,  1974. 

18.  Hearings  on  H.  R.  13595,  FY  1975  Coast  Guard  Authorization,  Subcommittee  on  Coast  Guard  and  Naviga¬ 
tion,  March  1974. 

19.  D00  Flight  Information  Publication,  "Enroute  Low  Altitude,"  April  25,  1974. 

20.  D0D  Flight  Information  Publication,  "Supplement  Caribbean  and  South  America,"  The  Defense  Mapping 
Agency  Aerospace  Center,  Flight  Information  Office,  Latin  America,  April  25,  1974. 

21.  "Status  of  Implementation  ICAO  Regional  Air  Navigation  Plan  Caribbean  Region,"  Department  of 
Transportation,  Federal  Aviation  Administration,  March  17,  1972. 

22.  J.A.  Pierce  and  R.ll.  Woodward,  "The  Development  of  Long-Range  Hyperbolic  Navigation  in  the  United 
States,"  Published  in  Navigation,  Journal  of  the  institute  of  Navigation,  pg.  51,  Vol.  18,  No.  1, 
Spring  1971 . 

23.  "Air  Navigation  Radio  Aids,"  Ai man's  Information  Manual,  Department  of  Transportation,  Federal 
Aviation  Administration,  Part  I,  pgs.  1-7,"  February  1974. 

24.  "Air  Navination  Radio  Aids,”  Transport  Canada,  Telecommunications  Vol.  XXVIII,  Number  1,  January 
1974. 

25.  P.C.  Scotti,  "Loran-C  Named  Radio  Navigation  Aid  for  U.S.  Coastal  and  Inland  Waters,"  Department 
of  Transportation,,  U.S.  Coast  Guard  News  Release  No.  70-74,  PA-1,  May  23,  1974. 

26.  Jansky  S  Bailey,  "The  Loran-C  System  of  Navigation,"  report  prepared  for  the  U.S.  Coast  Guard, 

February  1962. 

27.  S.A.  Meer,  "Study  of  the  V0RTAC  System  and  Its  Growth  Potential,"  The  Mitre  Corporation,  November 
1973. 

28.  K.D.  McDonald,  "A  Survey  of  Satellite-Based  Systems  for  Navigation,  Position  Surveillance,  Traffic 
Control,  and  Collision  Avoidance,"  published  in  Navigation,  Journal  of  the  Institute  of  Navigation, 
pg.  301,  Vol.  20,  No.  4,  Winter  1973-74. 


I  IS 


29.  J.M.  Beukers,  "A  Review  .mil  Applications  of  VII  and  II  transmissions  for  Navigation  and  tracking," 
Beukers  Laboratories,  Inc.,  presented  at  ION  Radio  Navigation  Symposium.  Washington,  O.C., 

November  1973. 

30.  Pierce,  Palmer,  Watt  and  Woodward,  "Omega  -  A  Worldwide  Navigational  System,"  Omega  Implementation 
Committee,  P  A  B  Pub.  No.  886H,  Pickard  X  Burns  electronics,  May  1966. 

31.  f.R.  Swanson,  "Omega,"  published  in  Navigation,  Journal  of  the  Institute  of  Navigation,  pg.  168, 

Vol.  18,  No.  2,  Sumner  1971. 

37.  J.M.  Beukers,  "Accuracy  limitations  of  the  Omega  Navigation  System  Imployed  in  differential  Mode," 
Reukors  Laboratories.  Inc.,  presented  to  ION  Conference.  October  19/2. 

33.  J.M.  Beukers.  "Global  Radio  Navigation  -  A  CliaTlenge  for  Management  and  Internal  ional  Cooperation." 
Navigation.  Vol.  23,  No.  4,  Winter  1976-77, 

34.  M.  Kay ton,  W.R.  fried.  Avionics  Navigation  Systems,  John  Wilev  X  Sons,  luc.,  1969. 

3b.  Radionavigation  Journal,  Wild  Goose  Association,  1977. 

3l>.  Loran-C  System  Characterization,  Wild  Goose  Association  Publication  No.  I  197b,  September  197b. 

37.  federal  Register,  Vol.  42,  No.  20,  Monday,  January  31,  1977. 

38.  P.M.  Morris  and  M.V.  Cha,  "Omega  Propagation  Corrections:  Background  and  Computational  Algorithm," 
Report  Number:  ONSOO-Ol-74,  department  of  transportation,  U.N.  Coast  Guard,  December  1074. 

39.  I.G.  karkalik,  G.f.  Sage,  and  W.R.  Vincent,  "Western  Pacific  Omega  Validation,"  Report  Number  0NS0D- 
01-78,  Systems  Control,  Inc.  (Vt),  prepared  for  Omega  Navigation  System  Operations  Detail,  Washing¬ 
ton,  O.l'. ,  Apr i  1  1978. 

40.  J.S.  Scavullo,  "Probing  the  Airborne  Omega  Environment."  NAI LC  technical  letter  Report,  NA-77-J4-I R, 
I AA ,  May  1077. 

41.  i.  karkalik,  L.  Wischmeyer,  "An  Operational  (valuation  of  Omega  for  Civil  Aviation  Oceanic  Navi¬ 
gation,"  Report  No.  f AA-RO-77-bb,  Systems  Control,  Inc.,  prepared  for  department  of  Transportat ion, 
federal  Aviation  Administration,  Washington,  D.C.,  february  1977. 

4J .  “Minimum  Operational  Characterist ics  and  Minimum  Perfomiance  Standards  for  Airborne  Omega  Receiving 
Iguipment ,"  RTCA  Document  No.  00-lb4,  Radio  iochnical  Cointiissicm  for  Aeronautics,  JO  March  197b. 

43.  "ARINC  Characteristics  699,  Mark  2,  Omega  Navigation  System,"  draft  No.  6.  Al  I  c  ONAV  Subcommittee, 
Aeronautical  Radio,  Inc..  June  1977. 

44.  Advisory  Circular,  AC  No.  l.'O-JIA,  dati'd  4-J1-77,  "(lporat  ional  and  Airworthiness  Approval  of  Air 
Borne  Omega  Radio  Navigation  Systems  as  a  Means  of  Updating  Self-Contained  Navioation  Systems," 

DOT,  fAA,  Washington,  11. C.  ,  May  1077. 

46.  federal  Register,  Veil.  42,  No.  b2  Thursday,  March  31,  1477. 

46.  f.R.  Swanson,  "differential  Omega  Evaluation."  Technical  Note  187,  NOSl'/TN  187,  Preliminary  Report. 
March- Apr i 1  1977. 

47.  G.  Nard,  "Result  of  Recent  Experiments  with  differential  Omega,"  Journal  ot  the  institute  ot  Navi¬ 
gation,  v.  19,  p.  145-168,  Sumner  197.’. 

48.  f  .R.  Swanson,  d.J.  Adrian  and  P.H.  Levine,  "differential  Onega  Navigation  for  the  II. S.  Coastal 
Confluence  Reqion,"  Navigation.  Vol.  .'1,  No.  3,  fall  1974,  pp.  264-271. 

49.  f.R.  Swanson,  d.J.  Adrian  and  P.H.  Levine.  "Differential  Omega  Navigation  for  the  0  5  Coastal 
Confluence  Region,  Part  1:  Overview,"  Naval  Electronics  laboratory  Center  Technical  Report  1906, 

2  January  1974  (All  041). 

60.  E.R.  Swanson.  D.J.  Adrian  and  P.H.  Levine,  "Differential  Omega  Navigation  for  the  D.S.  Coastal 
Confluence  Region,  Part  11:  Requirements,  Accuracies  and  System  definition,"  Naval  Electronics 
Laboratory  Center  Technical  Report  1 906> .  .’  January  1974  (AD  777  043'. 

51.  Letter  from  Commander,  Naval  Telecommunicat ions  Command,  department  of  the  Navy  to  Director, 
flight  Standards  Service,  federal  Aviation  Administration,  8  September  I9?b. 

52.  W.R.  Tymczyszyn.  "Inflight  Worldwide  VII  (vperience  Using  Global  Navigation  GNS-600,"  Global 
Navigation  Incorporated.  Torrance,  California,  Company  Publication. 

63.  E.R.  Swanson  and  M.J.  Dick,  "Propagat ional  Assessment  of  VI t  Navigation  Signals  in  North  America 
and  the  North  Atlantic,"  Report  Number  FA74WA1 -425-2.  federal  Aviation  Administration,  4  Eebtuarv 
1975.  performed  by  Naval  Electronics  Laboratory  Center. 

54.  Letter  from  James  f.  bow.  Acting  Administrator,  FAA  to  the  Honorable  frank  A.  Shrontz.  Chairman, 

DOD  Advisory  Committee  on  federal  Aviation,  Department  of  defense,  April  25,  1976. 

66.  Letter  from  frank  A.  Shrontz,  Chairman,  dOd  Advisory  Committee  on  federal  Aviation,  department 
of  defense,  to  Mr.  dow.  Acting  Administrator,  fAA.  30  June  1975, 

56.  Notice  8110.24,  Subject,  "Omega/Vlf  Navigation  Iguipment  tor  domestic.  Including  Alaska  Use, 

Enron te  Only." 

57.  Supplemental  Type  Certificate,  Number  SA3192WF,  department  of  Transportation,  federal  Aviation 
Administration,  May  14,  19’6. 

58.  "Tho  decca  Navigator  System  Principles  and  Perfomiance,"  I  he  Oeoca  Navigator  Company  limited. 

New  Malden,  Surrey,  fngland,  July  1976. 

69.  "Minimum  Operational  Characteristics  -  Vertical  Guidance  Equipment  Used  in  Airborne  Volumetric 
Navigation  Systems."  Radio  Technical  Commission  for  Aeronautics,  Special  Committee  116-1, 

Washington,  d.C.  20006,  March  1972. 

60.  R.J.  Adams,  "Preliminary  RNAV  Avionics  Standards  (20  and  30  Area  Navigation  Systems),"  Systems 
Control,  Inc.  (Vt),  West  Palm  Beach,  Florida,  performed  tor  the  federal  Aviation  Administration, 
Washington.  0.(\.  Report  'FAA-R0-75-178.  July  1974. 

61.  1.1.  kramar,  "The  Doppler  VOR  -  Its  foundation  and  Results,"  in  Advanced  Navigation  Techniques, 

W.T.  Blackbami,  edi'or,  AGARO  Conference  Proceedings  «28,  Technivision  Services,  Slough,  fngland, 
January  1970. 

62.  J.B.  Kennedy  and  1.  Ross.  "System  Analysis  of  TAl'AN  and  OMI  for  Addition  of  digital  data  Broadcast," 
ITT  Avionics  division.  Nutley,  N.J.,  prepared  for  the  federal  Aviation  Administration,  Washington. 
O.C.,  Report  #FAA-RD-73-2,  April  1973. 

ACKNOWLEDGEMENT 

The  information  and  data  reviewed,  analyzed,  and  compiled  during  the  preparation  of  this  paper  were 
made  available  through  the  efforts  of  many  individuals  whose  support  is  gratefully  acknowledged  collec¬ 
tively.  Special  mention  must  he  mule  for  the  contribution  on  VOR,  OMI  .  and  lAi'AN  provided  by  Id  Mcl'onkev 
of  SCI  (Vt).  Also,  the  authors  wish  to  recognize  the  invaluable  support  provided  by  SCI  (Vt)  technical 
Publications  under  the  direction  of  Clare  Walker. 


M 


TRANSIT  --  The  Current  Satellite  Navigation  System 

by 

Thomas  A.  Stansell,  Jr. 

Magnavox  Government  and  Industrial  Electronics  Company 
Advanced  Products  Division 
2829  Maricopa  Street 
Torrance,  California  90503 
U.S.A. 


1.0  INTRODUCTION  AND  SUMMARY 

The  purpose  of  this  chapter  is  to  provide  an  in-depth  review  of  Transit,  the 
Navy  Navigation  Satellite  System,  from  the  user's  point  of  view.  After  a  brief  system 
description,  a  spectrum  of  diverse  applications  is  described,  ranging  from  the  navigation 
of  fishing  boats  to  guiding  submarines.  Next,  the  Transit  system  status  and  its  vitality 
are  discussed.  It  becomes  clear  that  the  system  is  exceptionally  reliable  and  trust¬ 
worthy,  that  the  use  of  and  the  investment  in  Transit  eguipment  is  growing  at  a  remark¬ 
able  rate,  and  that  the  basic  system  is  about  to  be  improved  by  the  additon  of  a  new 
generation  of  NOVA  satellites.  From  these  indications  and  the  navigation  planning  initi¬ 
atives  described  in  Reference  12,  this  author  concludes  that  Transit  will  continue  to 
provide  a  valuable  service  until  at  least  1995,  after  which  phase-over  to  the  Global 
Positioning  System  is  expected  to  be  complete. 

The  second  half  of  this  chapter  is  devoted  to  a  technical  description  of  the 
position  fix  process  and  of  the  factors  which  influence  accuracy.  The  satellite  signal 
structure,  the  meaning  of  the  navigation  message,  and  the  interpretation  of  Doppler  meas¬ 
urements  are  covered  in  detail,  followed  by  an  overview  of  the  fix  calculation  process. 
Finally,  a  thorough  review  of  the  system  accuracy  potential  and  of  the  factors  which 
determine  accuracy  performance  is  given. 

The  Transit  system  grew  out  of  the  confluence  of  a  vital  need  with  newly  avail¬ 
able  technology.  (See  Reference  17  for  a  complete  review.)  The  need  was  to  have  accu¬ 
rate  position  updates  for  the  inertial  navigation  equipment  aboard  Polaris  submarines. 
The  new  space  age  technology  came  into  being  because  of  Sputnik  I,  which  was  launched  on 
October  4,  1957.  Drs .  William  H.  Guier  and  George  C.  Weiffenbach  of  the  Applied  Physics 
Laboratory  of  Johns  Hopkins  University  (APL)  were  intrigued  by  the  substantial  Doppler 
frequency  shift  of  radio  signals  from  this  first  artificial  earth  satellite.  Their 
interest  led  to  development  of  algorithms  for  determining  the  entire  satellite  orbit  with 
careful  Doppler  measurements  from  a  single  ground  tracking  station.  Based  on  this  suc¬ 
cess,  Drs.  Frank  T.  McClure  and  Richard  B.  Kershner,  also  of  APL,  suggested  that  the 
process  could  be  inverted,  i.e.,  a  navigator's  position  could  be  determined  with  Doppler 
measurements  from  a  satellite  with  an  accurately  known  orbit. 

Because  of  the  confluence  of  need  with  available  technology,  development  of 
Transit  was  funded  in  December  1958.  Under  the  leadership  of  Dr.  Kershner,  three  major 
tasks  were  addressed:  development  of  appropriate  spacecraft,  modeling  of  the  earth's 
gravity  field  to  permit  accurate  determination  of  satellite  orbits,  and  development  of 
user  equipment  to  deliver  the  navigation  results.  Transit  became  operational  in  January 
of  1964,  and  it  was  released  for  commercial  use  in  July  of  1967.  The  user  population  has 
grown  rapidly  since  that  date,  as  detailed  in  Sections  4.1  and  4.4  of  this  chapter,  and 
today  commercial  users  far  outnumber  government  or  military  users.  Of  considerable 
interest  is  the  amazing  diversity  of  applications  which  will  be  described  in  Section  3.0. 

2.0  TRANSIT  SYSTEM  DESCRIPTION 

This  section  is  a  very  brief  description  of  the  Transit  system  permitting  the 
reader  to  move  quickly  into  a  review  of  system  applications.  More  detailed  system 
descriptions  will  be  provided  in  later  sections  of  this  chapter. 

The  Applied  Physics  Laboratory  of  Johns  Hopkins  University  (APL)  has  played  the 
central  role  in  development  of  Transit.  The  original  idea  was  conceived  there,  most  of 
the  actual  development  was  performed  there,  and  APL  continues  to  provide  technical 
support  in  maintaining  and  improving  the  system. 

At  this  time  there  are  five  operational  Transit  satellites  in  orbit.  Figure  1 
illustrates  their  physical  configuration:  four  panels  of  solar  cells  charge  the  internal 
batteries,  and  signals  are  transmitted  to  the  earth  by  the  "lampshade"  antenna,  which 
always  points  downward  because  of  the  gravity  gradient  stabilization  boom.  An  elongated 
object  in  orbit  naturally  tries  to  align  with  the  earth's  gravity  gradient.  Magnetic 
hysteresis  rods  along  the  solar  panels  damp  out  the  tendency  to  sway  back  and  forth  by 
interaction  with  the  earth's  magnetic  field;  that  is,  mechanical  energy  is  converted  to 
heat  through  magnetic  hysteresis. 

As  illustrated  by  Figure  2,  the  satellites  are  in  circular,  polar  orbits,  about 
1,075  kilometers  high,  circling  the  earth  every  107  minutes.  This  constellation  of 
orbits  forms  a  "birdcage"  within  which  the  earth  rotates,  carrying  us  past  each  orbit  in 
turn.  Whenever  a  satellite  passes  above  the  horizon,  we  have  the  opportunity  to  obtain  a 
position  fix.  The  average  time  interval  between  fixes  with  the  existing  5  satellites 
varies  from  about  35  to  100  minutes  depending  on  latitude,  as  shown  in  Figure  3. 
Sections  4.3  and  4.7  describe  plans  for  additional  satellites  which  will  improve  the  time 
interval  statistics. 


Daily  operation  of  Transit  is  by 
the  Navy  Astronautics  Group  headquartered  at 
1’oint  Mugu,  California,  with  tracking  sta¬ 
tions  located  at  Prospect  Harbor,  Maine; 
Rosemount,  Minnesota;  and  Watuawa,  Hawaii. 
As  illustrated  by  Figure  4,  each  time  a 
Transit  satellite  passes  within  line  of 
sight  of  a  tracking  station,  it  receives  the 
150  and  400  MHz  signals  transmitted  by  the 
satellite,  measures  the  Doppler  frequency 
shift  caused  by  the  satellite's  motion,  and 
records  the  Doppler  frequency  as  a  function 
of  time.  The  Dopplei  data  are  then  sent  to 
the  Point  Mugu  comput ing  center  where  they 
are  used  to  determine  each  satellite's  orbit 
and  to  project  each  orbit  many  hours  into 
the  future. 


The  computing  center  forms  a  navi¬ 
gation  message  from  the  predicted  orbit, 
which  is  provided  to  the  injection  stations 
at  Point  Mugu  and  at  Rosemount.  At  the  next 
opportunity,  one  of  the  injection  stations 
transmits  the  navigation  message  to  the 
appropriate  satellite.  Each  satellite 
receives  a  new  message  about  every  12  hours, 
although  the  memory  capacity  is  16  hours. 

Unlike  earth-based  radiolocation 
systems  which  determine  positon  by  nearly 
simultaneous  measurements  on  signals  from 
sevetal  fixed  transmitters.  Transit  measure¬ 
ments  are  with  respect  to  sequential  posi¬ 
tions  of  the  satellite  as  it  passes,  as 
illustrated  by  Figure  5.  This  process  re¬ 
quires  from  10  to  16  minutes,  during  which 
time  the  satellite  travels  4,400  to  7,000 
kilometers,  providing  an  excellent  baseline. 


Figure  1.  Physical  Configuration  of 
Transit  Satellite 


Because  Transit  measurements  are 
not  instantaneous,  motion  of  the  vessel  dur¬ 
ing  the  satellite  pass  must  be  considered  in 
the,  fix  calculations .  Also,  because  the 
satellites  are  in  constant  motion  relative 
to  the  earth,  simple  charts  with  lines  of 
position  are  impossible  to  generate.  In¬ 
stead,  each  satellite  transmits  a  message 
which  permits  its  position  to  be  calculated 
quite  accurately  as  a  function  of  time.  By 
combining  the  calculated  satellite  posi¬ 
tions,  range  difference  measurements  between 
these  positions  (Doppler  counts),  and  infor¬ 
mation  regarding  motion  of  the  vessel,  an 
accurate  position  fix  can  be  obtained.  Be¬ 
cause  the  calculations  are  both  complex  and 
extensive,  a  small  digital  computer  is 
required . 
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Transit  is  the  only  navigation  aid  )W1J<<  v 

with  total  worldwide  availability  at  this 
time.  It  is  not  affected  by  weather  condi¬ 
tions,  and  position  fixes  have  an  accuracy  Figure  2.  Transit  Satellites  form  a 

competitive  with  short  range  radioloction  "Birdcage"  of  Circular,  Polar  Orbits  About 

systems.  Each  satellite  is  a  self-contained  1075  km  Above  the  Earth 

navigation  beacon  which  transmits  two  very 

stable  frequencies  (150  and  400  MHz),  timing  marks,  and  a  navigation  message.  By  receiv¬ 
ing  these  signals  during  a  single  pass,  the  system  user  can  calculate  an  accurate  posi¬ 
tion  fix. 


There  ate  two  principal  components  of  error  in  a  Transit  position  fix.  First 
is  the  inherent  system  error,  and  second  is  error  introduced  by  unknown  ship's  motion 
during  the  satellite  pass.  The  inherent  system  error  can  be  measured  by  operating  a 
Transit  set  at  a  fixed  location  and  observing  the  scatter  of  navigation  results.  Fig¬ 
ure  6  is  a  plot  of  such  data  from  a  dual-channel  Transit  receiver  showing  a  radial 
scatter  of  32  meters  rms .  Dual-channel  results  typically  fall  in  the  range  of  27  to 
37  meters  rms.  Less  expensive  single-channel  receivers,  which  do  not  measure  and 
remove  ionospheric  refraction  errors,  typically  achieve  results  in  the  range  of  80  to 
100  meters  rms.  The  second  source  of  position  fix  error  is  introduced  by  unknown  motion 
during  the  satellite  pass.  The  exact  error  is  a  complex  function  of  satellite  pass  geom¬ 
etry  and  direction  of  the  velocity  error,  as  explained  in  Section  6  of  this  chapter,  but 
a  reasonable  rule  is  that  0.2  nautical  mile  (370  meters)  of  position  error  will  result 


m 


Figure  3.  Mean  Time  Between  Position  Fixes  as  a 
Function  of  Latitude  with  the  5  Transit  Satellites 
Operational  in  mid-1978 


from  each  knot  of  unknown  ship's  velocity.  Figure  7  is  a  plot  of  approximate  position 
fix  error  as  a  function  of  unknown  velocity  magnitude  for  dual-channel  and  for  single¬ 
channel  Transit  receivers.  The  effects  of  typical  altitude  errors  and  ship's  pitch  and 
roll  have  been  included  in  this  curve  as  well. 

Figure  8  illustrates  the  preferred  mode  of  operation  for  a  moving  navigator. 
Between  satellite  fixes  the  computer  automatically  dead  reckons  based  on  inputs  of  speed 
and  heading.  The  dead  reckoning  process  also  is  used  to  describe  ship's  motion  during 
each  satellite  pass.  After  the  position  fix  has  been  computed,  latitude  and  longitude 
adjustments  are  applied,  thus  correcting  for  the  accumulated  dead  reckoning  error. 


3.0 

TRANSIT 

APPLICATIONS 

3.1 

Product 

Trends 

The  Transit  system  provides  a  combination  of  capabilities  which  cannot  be 
obtained  with  any  other  system  today.  These  are: 

•  Total  global  coverage 

•  All  weather  operation 

•  Accuracy  approaching  that  of  short  range  radiolocation  systems 

•  Independence  from  shore-based  transmitters 

•  Unequaled  dependability 

As  a  result,  there  has  been  a  steady  and  dramatic  increase  in  both  the  number 
of  applications  and  the  types  of  equipment  available.  The  range  of  applications  is  truly 
surprising.  Transit  equipment  is  used  aboard  and/or  for: 


Land  Survey 
Fishing  boats 
Private  yachts 
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Figure  4.  Schematic  Overview  of  the  Transit  Navigation 
Satellite  System 

•  Commercial  ships  (tankers,  freighters,  etc.) 

•  Military  surface  ships 

•  Submarines 

•  Offshore  drill  rigs 

•  Oil  exploration  vessels 

•  Oceanographic  research  vessels 

•  Hydrographic  survey  vessels 

•  Drifting  buoys 

To  match  the  growing  user  interest  and  to  take  better  advantage  of  available 
technology.  Transit  user  equipment  has  evolved  dramatically  since  the  early  equipment 
designs  of  1967.  Figure  9  is  one  view  of  this  evolutionary  process,  showing  the  many 
different  types  of  Transit  receivers  developed  since  1967  by  just  one  company. 

Figure  10  is  another  view  of  the  equipment  progress,  showing  the  evolution  of 
Magnavox  single-channel  satellite  navigators  from  1968  through  1976.  In  1968  only 
dual-channel  receivers  were  available,  and  a  minicomputer  occupied  most  of  a  rack.  In 
1971  a  single-channel  receiver  was  introduced  and  by  then  minicomputers  were  only 
12  inches  high.  In  1973  the  noisy,  electromechanical  Teletype  was  replaced  by  a  quiet 
and  compact  viedo  terminal  with  a  cassette  tape  reader  for  loading  the  computer  program. 
In  1975  new  technology  permitted  the  receiver  to  be  implemented  on  a  pair  of  circuit 
boards  which  fit  within  the  computer.  Also,  minicomputers  became  smaller,  permitting 
greater  freedom  in  the  shipboard  installation. 

The  final  step  in  Figure  10  is  the  first  production  satellite  navigator  based 
on  microcomputer  technology,  the  MX  1102.  In  addition  to  being  smaller,  less  expensive, 
and  far  more  reliable  than  its  predecessors,  this  new  type  of  navigator  also  has  more 
functional  capability.  For  example,  the  MX  1102  not  only  tests  itself  thoroughly  every 
two  hours,  but  it  will  identify  which  module  to  replace  if  a  failure  does  occur.  Actual 
field  results  show  a  reliability  of  well  over  one  year  mean  time  between  failure  ( MTBF ) . 
Thus,  modern  technology  has  lowered  the  cost  and  improved  the  capability  of  satellite 
navigation  instruments. 
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Figure  5.  Geometry  of  a  Satellite  Pass 


Figure  6.  Typical  Dual-Channel  Satellite  Position  Fix  Results 
3 .2  General  Navigation 

Because  of  availability  of  instruments  like  the  MX  1102  shown  in  Figure  11, 
general  navigation  applications  of  Transit  have  dramatically  increased  in  the  last  year 
or  two.  Such  instruments  provide  a  continuous  display  of  latitude,  longitude,  and 
Greenwich  mean  time  by  continuously  dead-reckoning  between  accurate  Transit  position 
fixes  with  automatic  speed  and  heading  inputs.  In  addition  to  the  basic  navigation 
functions,  such  systems  determine  and  compensate  for  unknown  set  and  drift,  provide  great 
circle  or  rhumb  line  range  and  bearing  to  any  selected  way  point,  determine  the  heading 
to  steer  to  these  way  points,  and  in  case  of  failure  identify  the  faulty  module. 


NOUS  1  MAXIMUM  SINGLE  CHANNEL  MX  ERROR  CAN  REACH  700  SOO  ME  I E  RS  DUE  10  IONOSPME  HIC  RE  E  RACE  ION  VERSUS  ONI  V 
90  METERS  OF  MAXIMUM  FIX  ERROR  FOR  DUAL  CHANNEL  RESULTS 

'’•••>10  l  SOLVING  FOR  VELOCITY  NORTH  CAN  LIMIT  FIX  ERROR  TO  THE  RANGE  OF  100  TOO  METERS  WHEN  VELOCITY  IS  POORLY  KNOWN 


Figure  7.  Approximate  Satellite  Position  Fix  Error  as  a  Function  of  Unknown 

Velocity  Magnitude 


Figure  8.  Dead  Reckoning  Error  is  Corrected  by 
Each  Satellite  Position  Fix  Update 

Typical  applications  include  use  aboard  large  fishing  vessels.  Foi  example, 
when  fishing  for  tuna  in  the  southern  hemisphere  no  other  navigation  aid  provides  the 
coverage  or  the  dependable  accuracy  needed  to  assure  success  and  to  avoid  fishing  within 
200-mile  limits.  Success  is  measured  by  which  boat  returns  first  with  full  coolers,  and 
Transit  navigation  has  measurably  improved  the  rate  of  success. 

Several  large  shipping  companies  in  1977  conducted  competitive  evaluations  ol 
various  types  of  navigation  equipment  (Loran,  Omega,  and  Transit,  each  from  several  manu¬ 
facturers).  Transit  won  each  of  these  evaluations,  and  as  a  result  entire  commercial 
fleets  are  being  equipped  with  Transit  navigators.  This  trend  is  growing  as  the  economic 
and  safety  advantages  of  dependably  accurate  worldwide  navigation  is  proved  ovei  and  ovei 
again.  The  availability  of  instruments  with  a  low  initial  cost  and  with  outstanding 
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Figure  9.  Evolution  of  Magnavox  Transit  Receiver  Technology 
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Figure  10.  Evolution  of  Magnavox  Single-Channel  Satellite  Navigation  Equipment 

reliability  records,  so  that  life  cycle  support  costs  are  minimized,  also  has  spurred  the 
interest  of  major  fleet  operators.  The  need  for  accurate,  dependable,  worldwide  naviga¬ 
tion  is  real.  For  example,  oil  tankers  passing  through  the  Straits  of  Malacca  truly 
depend  on  these  characteristics.  Often  a  ship  will  time  its  arrival  to  obtain  a  satel¬ 
lite  fix  just  before  proceeding  through  such  hazardous  waters. 

3 . 3  Oceanographic  Exploration 

The  first  application  of  Transit  navigation  beyond  its  original  military 
objectives  was  for  oceanographic  exploration.  For  the  first  time,  mid-ocean  scientific 
measurements  could  be  tied  to  their  geographic  origin  with  high  accuracy.  The  AN  WRN-9 
equipment  shown  in  Figure  9  and  the  equipment  shown  in  Figure  12  are  typical  of  the 
dual-channel  Transit  systems  often  used  for  oceanographic  exploration. 

In  addition  to  the  capabilities  provided  by  commercial  single-channel  equip¬ 
ment,  such  as  the  MX  1102  of  Figure  11,  the  dual-channel  equipment  gives  high  accuracy 
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Figure  IT.  Typical  Dual-Channel  Equipment  Used  tor  Oceanographic  Exploration 

position  fixes  that  are  unaffected  by  variations  m  ionospheric  refraction.  In  addition, 
it  is  typical  for  the  system  to  provide  a  printed  record  of  the  dead-reckoned  position  at 
selected  time  intervals  and  of  every  satellite  fix  with  appropriate  quality  indicators. 

The  equipment  described  above  is  now  yielding  to  the  advent  of  microcomputers. 
Figuie  11  shows  t  lie  Magnavox  MX  1107  dual -channel  satellite  navigator  with  associated 
printer.  This  new  instrument  provides  the  same  navigational  accuracy  capabilities  as 
the  null'll  larger  equipment  shown  in  Figure  IT. 

3.4  Geophysical  Suivey 

3.4.1  Background 

In  146’  when  Ttansit  was  first  released  for  civil  use,  there  were  two  immediate 
positive  responses.  One  was  from  the  oceanographic  exploration  community,  and  the  othet 
was  from  ttu>  offshore  oil  exploiation  community.  The  oceanographers  were  among  the 
first  civil  users,  but  theii  needs  have  lemained  fairly  static  since  the  early  systems 
were  acquired.  In  contrast,  oftshoie  oil  exploiation  needs  have  continued  to  glow  and 
to  become  more  complex. 


Figuie  13.  Magnavox  MX  1107  Dual-Channel  Satellite 
Navigator  and  Printer 


P1101  to  1967  all  offshore  exploration  was  conducted  with  the  aid  of  shore- 
based  radiolocation  systems  such  as  Raydist,  Hi-fix,  etc.  These  systems  work  very  well, 
but  they  have  seveial  serious  problems: 

•  Usable  range  is  limited,  especially  at  night. 

•  The  administt ative  and  logistics  costs  of  obtaining  government  approvals, 
transporting  the  equipment,  installing  and  surveying  in  the  shore-based 
stations,  and  operating  these  stations  in  sometimes  hostile  environments 
are  very  high  indeed. 

•  Most  such  systems  require  the  counting  of  lane  crossings,  so  the  potential 
for  lane  slips  is  high.  This  forces  expensive  means  for  occasionally 
verifying  or  correcting  the  lane  count. 

When  Tiansit  was  released,  there  were  visions  of  accurate,  worldwide,  all- 
weather  survey  operations  without  the  time  and  expense  required  to  cope  with  shore- 
based  radiolocation  systems.  Unfortunately,  simply  buying  a  Transit  navigation  system 
did  not  achieve  these  objectives. 

3.4.2  The  Need  for  Integration 

Transit  provides  intermittent  position  fixes  with  an  individual  accuracy  of  27 
to  37  meters,  but  with  an  additional  error  of  about  0.2  N.Mi.  per  knot  of  unknown 
velocity.  survey  work  requires  the  high  accuracy,  but  continuously.  Thus,  the  only  way 
to  provide  continuous,  accurate  navigation  independent  of  shore-based  stations  was  to 
combine  accurate  velocity  sensors  with  the  Transit  fix  capability  in  an  integrated 
system.  The  first  such  systems  were  relatively  crude,  but  very  capable  systems  quickly 
evolved.  Figure  14  shows  a  typical  integrated  navigation  system. 

3.4.3  Doppler  Sonar  and  Gyrocompass 

The  first  system  elements  to  be  integrated  were  a  Doppler  sonar  and  a  gyrocom¬ 
pass.  The  Doppler  sonar  transmits  pulses  of  acoustic  energy  to  the  ocean  floor  and  eval¬ 
uates  the  signals  reflected  back.  The  Doppler  frequency  shift  provides  an  accurate 
measure  of  ship's  speed  with  respect  to  the  bottom  in  the  direction  of  each  sonar  beam. 
Three  or  four  beams  are  used  to  determine  both  fore-aft  and  port-starboard  components  of 
total  velocity.  An  additional  requirement  is  knowledge  of  speed  of  sound  in  water  near 
the  sonar  transducer.  In  most  cases  this  can  be  determined  to  satisfactory  accuracy  by 
measuring  water  temperature,  but  if  salinity  is  likely  to  change  drastically,  a  velocim- 
eter  is  required  for  best  results. 

Early  Doppler  sonars  were  limited  to  about  200  meters  of  water  depth  before 
they  could  no  longer  track  the  bottom  and  had  to  switch  to  a  water  tracking  mode,  which 
is  much  less  accurate.  The  usual  Doppler  Sonar  today  will  bottom  track  to  300  or  400 
meters,  there  are  models  available  which  will  reach  1,000  meters  or  more,  and  systems  are 
being  developed  which  promise  bottom  tracking  to  maximum  ocean  depths. 

Gyrocompasses  such  as  the  Sperry  Mk-227  or  the  Arma  Brown  MK-10  compass  shown 
in  Figure  14  have  been  used  with  good  success.  In  both  cases  it  is  important  to  imple¬ 
ment  automatic  computer  torquing  of  the  gyrocompass  to  compensate  for  platitude ,  velocity, 
and  accelerations .  Not  only  can  the  computer  do  a  better  job  than  would  be  possible  with 
the  usual  manual  control  settings,  but  the  automatic  approach  avoids  a  major  error 
source  -  the  human  mistake. 
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Figure  14.  Typical  Integrated  Navigation  System  Components 

Navigational  accuracy  is  dependent  on  a  number  of  factors,  inclu 
;nt,  adequacy  of  calibration,  water  depth,  and  sea  state.  Figui 
rror  grows  with  time  since  the  last  satellite  fix  for  a  complete 
e  integrated  system  under  both  good  and  poor  conditions.  T 
>w  error  increases  much  more  rapidly  when  the  sonar  cannot  reach 
d  such  as  Loran-C  is  available. 


DEEP  WATER  OPERATION 
WITHOUT  LORAN-C 


NORMAL  TIME  BETWEEN  FIXES 
1  TO  1.5  HOURS  ,  I 


TIME  SINCE  LAST  SATELLITE  FIX  IHOURSI 


Figure  15 


Integrated  System  Error  as  a  Function  of  Time  Since  the 
Last  Satellite  Fix  Update 


3.4.4 


Radio  Navigation  Aids 


In  ver y  deep  watet  ot  where  it  is  not  possible  to  install  a  Dopp lei  son.u ,  some 
othei  source  of  velocity  is  needed.  In  many  cases  various  radionavigation  signals  may  be 
available  already.  For  example,  Figure  14  shows  Loran-C  components  as  part  ol  the 
integrated  system.  Loran-C  alone  would  not  have  sufficient  accuracy  because  of  secondary- 
phase  enors  and  often  because  of  pool  "crossing  angles".  However,  by  integ: ating 
Loran-C  with  othei  system  elements,  excellent  accuracy  can  be  obtained.  Satellite  fixes 
provide  a  precise  geographic  position  reference  and  provide  calibration  of  local  Loran-C 
secondary  phase  errors.  By  having  a  gyrocompass  and  a  Dopplei  sonai ,  even  it  in  the 
watei  track  mode,  ship's  maneuvers  can  be  determined  accurately.  This  permits  the 
Loran-C  readings  to  be  filteied  heavily,  thus  removing  most  of  the  random  noise.  In 
effect  Loran-C  is  used  to  collect  for  the  effects  ot  unknown  set  and  drift.  Furthermore, 
because  satellite  fixes  are  available  to  provide  an  accurate  position  reference,  it  is 
possible  to  use  Loran-C  in  the  delta-range  measurement  mode  with  respect  to  a  rubidium  or 
cesium  clock.  Because  delta-range  measurements  can  be  made  on  each  Loran-C  signal 
independently,  useful  information  can  be  obtained  with  only  one  or  two  Loran-C  signals, 
which  greatly  expands  the  area  of  accurate  coverage  and  reduces  the  problem  of  poor 
crossing  angles. 

The  same  concepts  can  be  used  with  a  wide  variety-  of  radionavigation  systems 
when  integrating  with  short  range,  high  accuracy  systems,  a  speed  sensor  is  not  needed, 
and  the  satellite  fix  capability  is  used  to  verify  and  resolve  lane  counts.  Systems  have 
been  imp1 emented  with  such  radionavigation  aids  as:  Decca  Navigator,  Hi  Fix,  Raydist, 
Toran,  Argo,  Miruranger,  Ti  i spender,  and  others.  Each  one  has  its  advantages,  so 
flexible  hardware  and  software  is  piovided  for  rapid  configuration  with  any  appropriate 
radio  navigation  sensor. 

3. 4.5  Acoustic  Transponders 

One  of  the  most  sophisticated  versions  of  an  integrated  system  employs  acoustic 
transponders  (see  References  14  and  15).  The  ship  is  equipped  with  an  interrogate! 
receiver  set.  Every  few  seconds  the  interrogator  sends  out  an  acoustic  pulse  at  a  spe¬ 
cific  frequency.  Transponders  which  have  been  placed  on  the  bottom  and  are  within  range 
receive  the  interrogate  pulse  and  respond  by  sending  a  pulse  of  then  own  at  an  indivi¬ 
dual  frequency.  The  receiver  on  the  ship  picks  up  and  identifies  these  replies  and 
measures  the  total  round  trip  delay.  Such  measurements,  scaled  with  an  appropriate 
estimate  of  speed  of  sound  in  water,  define  the  range  to  each  transponder.  If  the 
position  of  each  transponder  is  known  accurately,  then  a  navigational  accuracy  of  2  to  10 
meters  can  be  achieved  typically  over  an  area  of  3  to  10  square  kilometers  with  only  a 
few  bottom  transponders.  Such  systems  are  being  used  for  site  surveys  and  for  precise 
drill  rig  positioning  during  the  final  approach.  Although  expensive,  it  may  be  the  only 
way  to  achieve  the  required  accuracy  for  3-dimensional  seismic  surveys  as  well. 

In  the  previous  paragraph  there  was  a  big  "if";  if  the  position  of  each 
transponder  is  known  accurately.  This  is  the  difficult  part.  Special  software  has  been 
developed  to  determine  the  transponder  positions  with  great  accuracy  and  in  a  minimum  of 
time.  The  first  step  is  to  collect  transponder  range  readings  while  following  a  specific 
pattern  around  each  transponder  location.  Because  the  equations  must  be  solved  itera¬ 
tively.  these  data  are  recorded  in  memory  and  used  over  and  over  until  the  total  solution 
converges  and  the  relative  position  of  each  transponder  is  known  accurately.  This  tech¬ 
nique  saves  time  by  requiring  the  ship  to  traverse  the  area  only  once;  the  computer  does 
all  the  work  after  that. 

Once  the  relative  transponder  positions  are  known,  it  is  often  necessary  to 
determine  their  true  latitude  and  longitude  positions  as  well.  This  is  achieved  with  the 
aid  of  multiple  satellite  position  fixes.  Motion  of  the  ship  relative  to  the  transponder 
net  can  be  determined  accurately,  but  the  position  (translation)  and  azimuth  (rotation) 
ot  the  net  are  unknown.  Again,  an  iterative  solution  is  used  in  which  each  satellite  fix 
improves  knowledge  of  the  net  position  and  azimuth.  As  knowledge  of  net  azimuth 
improves,  the  measure  of  ship's  motion  becomes  more  accurate.  Such  iterations  are  best 
done  with  all  raw  satellite  and  transponder  data  recorded  on  magnetic  tape  and  the 
technique  has  proved  to  be  extremely  effective  and  accurate. 

3.4.t>  Integrated  Navigatioi  ystem  Functions 

A  wide  variety  of  integrated  navigation  systems  have  been  developed  and 
deployed  to  aid  offshore  exploration.  However,  navigation  is  just  one  of  the  three  major 
functions  of  an  integrated  system.  The  other  two  are  survey  control  and  data  logging. 

The  system  b  lps  control  the  survey,  for  example,  by  firing  seismic  shots  at 
defined  increments  of  time  or  of  distance  traveled.  In  some  installations  the  system 
actually  controls  steering  of  the  vessel  along  the  desired  survey  path. 

Data  logging  is  the  third  necessary  ingredient.  Unless  the  position  at  which 
the  geophysical  data  were  acquired  is  recorded,  the  data  are  worthless.  Therefore,  data 
logging  must  be  extremely  reliable  with  adequate  tests  to  verify  that  the  desired  data 
are  being  recorded  properly. 
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3.5  Fixed  Point  Positioning 

3.5.1  Applications 

All  of  the  equipment  desci ibed  to  this  point  is  intended  foi  navigation  ol  mov¬ 
ing  vessels.  Satellite  signals  also  are  being  used  very  effectively  for  fixed  site 
surveys.  For  instance,  after  a  drill  lig  has  been  securely  anchored,  its  final  position 
must  be  established  with  the  best  possible  accuracy. 

As  you  would  expect,  surveys  are  conducted  with  satellite  equipment  only  when 
this  approach  is  cost  effective  As  the  price  of  equipment  has  dropped  and  as  knowledge 
of  its  advantages  have  .spi ead,  the  number  of  applications  has  increased  dramatically  over 
the  past  few  years. 

An  early  application  was  to  establish  bench  maiks  for  remote  sensing  (aerial) 
surveys.  For  example,  aerial  mapping  of  the  Amazon  basin  with  side-looking  radar  has 
been  tied  to  geographical  coordinates  by  means  of  coiner  reflectors  on  towers  placed 
every  tew  kilometers.  Satellite  survey  equipment  was  used  to  establish  the  position  of 
each  tower. 

In  general,  satellite  survey  is  used  in  places  that  are  difficult  to  reach, 
where  conventional  survey  techniques  are  too  slow  and  too  costly,  or  where  local  control 
has  not  been  well  estab’ished.  For  large  areas  without  adequate  control,  survey  by 
satellite  is  ideal.  Natioi  il  governments  such  as  Australia  and  Canada  are  actively 
involved  in  establishing  control  markers  by  means  of  satellite  survey  equipment. 

3.5.2  Computational  Techniques 

Two  techniques  for  accomplishing  fixed  point  positioning  by  satellite  have  been 
developed.  The  first  is  called  "po.at  positioning".  In  this  mode  a  Transit  satellite 
receiver  tracks  and  records  every  available  pass  at  a  given  location.  These  data  are  fed 
to  a  computer  program  which  combines  all  the  raw  data  to  obtain  the  single  best  position 
fix  result  in  3-dimensions  (latitude,  longitude,  and  altitude).  The  geodetic  reference 
foi  such  a  position  determination  is  provided  by  the  satellite  system  itself. 

If  a  reference  station  can  be  occupied  within  several  hundred  kilometers  of  a 
survey  site,  a  technique  called  translocation  can  produce  greater  accuracy  in  less  time. 
To  implement  the  translocation  technique,  two  or  more  satellite  receivers  are  used,  one 
at  the  reference  site  and  the  other(s)  at  the  survey  site(s).  By  tracking  the  same 
satellite  passes,  improved  accuracy  is  achieved  because  the  computer  solves  for  differ¬ 
ential  position  between  the  two  points,  which  is  not  affected  by  common  error  sources. 

The  U.S.  Government  conducts  many  surveys  with  Transit  satellites.  The  instru¬ 
ment  normally  used  is  the  AN/PRR-14  Geoceiver  shown  in  Figure  16.  For  example,  adjust¬ 
ment  of  the  North  American  Datum  which  is  now  underway  depends  heavily  on  results 
obtained  with  the  Geoceiver  at  many  survey  points  across  all  of  North  America.  In 
reducing  Geoceiver  data,  the  Government  has  an  advantage  not  available  to  the  private 
user.  This  is  postcomputation  of  each  satellite  orbit  based  on  data  from  tracking 
stations  taken  concurrently  with  the  survey.  The  result  is  a  "precise  ephemeris"  orbit 
definition. 

3.5.3  Equipment 

Several  different  types  of  portable  survey  equipment  have  been  developed.  The 
original,  which  is  still  in  wide  use,  is  the  AN/PRR-14  Geoceiver  shown  in  Figure  16.  On 
the  left  is  the  four- frequency  receiver  (which  tracks  both  Transit  and  GEOS  satellites), 
at  the  center  is  the  antenna  and  preamplifier  on  a  tripod,  and  on  the  riqht  is  the  paper- 
tape  punch,  which  was  the  most  reliable  data  recording  device  when  the  design  was  com¬ 
pleted  in  1967.  Magnavox  has  delivered  55  Geoceivers  which  are  used  primarily  by  the 
U.S.  Defense  Mapping  Agency  for  geodetic  survey  work.  The  Geoceiver  has  earned  an 
enviable  reputation  for  accuracy  and  for  reliability. 

Figure  17  shows  the  latest  Magnavox  instrument  intended  for  fixed  point  survey. 
It  is  called  the  MX  1502  Satellite  Surveyor.  Being  compact  and  lightweight,  it  can  be 
transported  easily.  In  the  field  it  will  operate  for  about  three  days  on  a  12-volt 
automobile  battery.  During  this  time,  the  raw  data  from  all  satellite  passes  will  be 
recorded  on  a  magnetic  tape  cassette.  The  cassette  can  be  processed  by  a  computing 
center  for  either  point  positioning  or  translocation  results. 

The  MX  1502  does  far  more  than  than  simply  record  satellite  data.  It  computes 
and  displays  a  3-dimensional  position  fix  result  while  in  the  field.  This  result  often 
may  be  adequate  without  post-processing  the  tape  cassette,  but  in  any  case  it  is 
extremely  valuable  in  verifying  proper  system  operation  and  assuring  that  the  desired 
location  has  been  occupied.  In  addition,  the  computed  results  help  the  surveyor  to  know 
when  sufficient  data  have  been  gathered  so  that  he  can  move  to  the  next  site  with  assur¬ 
ance.  Assurance  is  a  key  ingredient  of  any  survey  system.  Too  often  data  are  reduced  to 
find  that  something  was  wrong  and  that  the  site  must  be  reoccupied  at  great  expense.  The 
MX  1502  includes  a  thorough  self-test  capability  to  assure  proper  operation.  If  the 
self-test  function  detects  a  problem,  the  specific  module  causing  the  problem  is  indi¬ 
cated.  Repair  by  replacement  of  plug-in  modules  allows  the  survey  to  continue  with  mini¬ 
mum  disruption.  Furthermore,  after  each  record  is  placed  on  magnetic  tape,  it  is  immedi¬ 
ately  read  back  to  assure  no  recording  mistake.  If  an  error  is  detected,  that  portion  of 
data  is  re-recorded,  always  assuring  that  the  proper  data  are  recorded  correctly. 
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earth,  sun,  and  moon,  plus  drag  and  radiation 
pressures.  To  the  extent  that  these  forces  are 
not  known  precisely,  the  predicted  orbit  will 
deviate  from  the  actual  orbit.  These  differences 
account  for  most  of  the  27  to  37  meters  rms  of 
error  in  individual  Transit  position  fixes. 

If  the  orbit  did  not  have  to  be  pre¬ 
dicted  into  the  future,  a  more  precise  determina¬ 
tion  could  be  made,  and  the  U.S.  Defense  Mapping 
Agency  (DMA)  employs  this  technique  in  reducing 
satellite  Doppler  data  from  survey  receivers  such 
as  the  AN/PRR-14  Geoceiver.  Field  data  are 
recorded  on  tape  and  returned  to  a  computing  cen¬ 
ter  for  evaluation.  There  the  Doppler  data  are 
combined  with  a  precise  ephemeris  of  satellite 
positions  based  on  tracked  rather  than  predicted 
orbits;  thus  individual  position  fixes  have  a 
typical  scatter  of  only  6.3  meters  rms.  Naturally 
a  3-dimensional,  multi-pass  solution  converges  to 
the  required  resolution  much  faster  with  this 
technique  than  when  using  predicted  orbit  param¬ 
eters  from  the  satellite.  However,  the  DMA  seldom 
computes  a  precise  ephemeris  for  more  than  one  or 
two  satellites  at  a  time,  and  immediate  results 
cannot  be  obtained  in  the  field,  offsetting 
slightly  the  advantage  just  described.  Even  so, 
equipment  using  the  predicted  orbits  must  remain 
on  station  from  4  to  10  times  longer  than  equip¬ 
ment  using  the  precise  ephemeris  for  equivalent 
accuracy  results.  The  DMA  has  shown  3-dimensional 
results  with  1.5  meters  per  axis  repeatability 
after  25  precise  ephemeris  passes. 

Precise  ephemeris  information  is  not 
available  for  commercial  use.  However,  there  is 
precedent  for  the  DMA  to  supply  this  information 
to  other  nations  based  on  cooperative  interna¬ 
tional  survey  agreements. 


Figure  18.  3-D  Point  Positioning 

Convergence  (62  MX  1502 
Satellite  Passes) 
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Figure  19.  3-D  Point  Positioning  Results 

Unfortunately,  there  is  evidence  that  a  precise  ephemeris  position  fix  result 
will  differ  from  one  using  data  from  the  satellite  message.  This  difference  is  because 
the  DMA  uses  a  slightly  different  gravity  model  to  compute  satellite  orbits  than  does 
the  Navy  Astronautics  Group.  This  author  regrets  the  difference  and  does  not  understand 
why  it  must  persist. 

3.5.5  Translocation  Accuracy 

Although  precise  ephemeris  data  are  not  available  commercially,  another  tech¬ 
nique  called  translocation  can  yield  equivalent  results.  Advantage  is  taken  of  the  fact 
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that  almost  all  the  error  in  a  position  fix  is  caused  by  factors  external  to  the  satel¬ 
lite  receiver.  Thus,  two  receivers  tracking  the  same  satellite  pass  at  the  same  location 
should  produce  nearly  the  same  result  (i.e.,  the  errors  are  strongly  correlated). 
Experience  has  shown  that  the  correlation  is  quite  effective  for  interstation  separations 
of  200  km  or  more.  As  a  result,  two  or  more  stations  can  be  located  with  respect  to  each 
other  with  an  accuracy  of  1  meter  or  better  over  very  considerable  distances. 

One  method  of  using  translocation  is  to  establish  a  base  station  which  collects 
data  from  all  available  satellite  passes  for  days  or  weeks.  When  fed  to  the  3-dimen¬ 
sional  point  positioning  program,  these  data  will  yield  an  excellent  absolute  position 
determination.  In  the  meantime,  one  or  more  portable  receivers  move  from  one  location  to 
another  gathering  8  to  10  passes  at  each  site.  These  data  are  then  processed  by 
translocation  to  define  the  position  of  each  remote  site  with  respect  to  the  accurate 
base  station  location.  An  equally  valid  concept  is  to  locate  one  station  on  an  estab¬ 
lished  and  accepted  geodetic  reference  point,  thus  using  translocation  to  carry  this 
geodetic  reference  to  the  remote  sites. 

Figures  20  and  21  show  translocation  results  between  two  antennas  which  were 
very  near  each  other  so  their  relative  position  could  be  determined  with  great  accuracy. 
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Figure  20.  4-Pass  3-D  Translocation  Results 


2.0 


15 


10 


.5 


0  METERS 


-.5 


-10 


-15 


-20 


Figure  21.  8-Pass  3-D  Translocation  Results 
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Each  dot  shows  the  difference  between  the  translocation  result  and  the  survey  reference. 
All  satellite  passes  above  lb  degrees  maximum  elevation  were  used.  For  this  test,  manual 
editing  forced  a  balance  of  east  and  west  passes  for  the  4-pass  solutions.  For  the 
8-pass  solutions,  an  imbalance  of  5  vs.  3  was  allowed.  Otherwise,  all  other  editing  was 
performed  automatically.  The  horizontal  accuracy  was  1.09  meters  rms  for  the  4-pass 
solutions  and  76  centimeters  rms  for  the  8-pass  solutions.  This  is  a  measure  of  quality 
both  of  the  computer  program  and  of  the  receivers  being  used  for  the  test.  It  should  be 
noted  that  slightly  better  results  could  be  obtained  through  use  of  a  rubidium  or  cesium 
frequency  standard  at  each  receiver.  Field  tests  indicate  that  this  level  of  transloca¬ 
tion  accuracy  is  obtainable  over  distances  of  sev  ral  hundred  kilometers. 

3 . 6  Military  Applications 

The  Transit  system  was  developed  initially  to  provide  precise  position  updates 
for  the  Polaris  submarine  fleet.  In  this  application,  a  submarine  will  expose  its 
antenna  at  the  appropriate  time  to  update  and  to  maintain  the  accuracy  of  its  inertial 
navigation  systems.  Transit  continues  to  be  operated  specifically  to  serve  this  Navy 
application. 

U.S.  Navy  attack  submarines  also  are  navigated  by  Transit.  Figure  22  shows  the 
AN/WRN-5  satellite  navigator  which  was  developed  for  use  abr ard  nuclear  attack  subma¬ 
rines,  although  more  are  now  being  used  aboard  surface  ships  A  number  of  other  Transit 
sets  also  are  being  used  to  navigate  attack  submarines,  including  the  MX  702A/HF  system 
shown  in  Figure  12  and,  more  recently,  the  MX  1102  Satellite  Navigator  shown  in  Fig¬ 
ure  11.  In  fact,  several  NATO  navies  have  expressed  interest  in  a  combination  Transit- 
Omega  navigator  implemented  within  the  MX  1102  structure  both  for  submarines  and  for 
surface  ships. 

Submarine  applications  require  the  Transit  navigator  to  provide  satellite  alert 
information  so  that  appropriate  times  can  be  chosen  to  expose  t  e  antenna.  In  addition, 
it  is  desirable  to  minimize  the  duration  of  each  antenna  exp  sure.  This • requires  a 
receiver  such  as  the  MX  1102  which  tunes  to  the  proper  satellite  frequency  automatically , 
otherwise  some  provision  for  manual  tuning  must  be  provided. 

Rather  than  tracking  only  selected  satellite  passes,  surface  ships  track  every 
available  satellite  pass.  The  navigation  concepts,  applications,  and  advantages  are  the 
same  as  for  commercial  ships,  except  that  accurate,  worldwide,  all  weather  navigation 
also  provides  tactical  and  strategic  advantages.  Applications  range  from  the  navigation 
of  major  combat  ships  to  patrol  vessels  guarding  the  200  mile  economic  zone  boundary. 

Transit  is  used  extensively  for  military  land  survey  and  mapping  purposes.  The 
U.S.  Defense  Mapping  Agency  and  many  of  the  NATO  nations  have  cooperated  on  satellite 
survey  operations  across  Europe.  Equipment  such  as  the  AN/PPR-14  Geoceiver,  shown  in 
Figure  16,  and  the  MX  1502  Satellite  Surveyor,  shown  in  Figure  17,  can  be  used  for  these 
purposes . 


As  Transit  user  equipment  has  become  smaller,  more  reliable,  and  less  expen¬ 
sive,  the  opportunity  for  other  land  applications  has  been  created.  Magnavox  is  investi¬ 
gating  the  application  of  Transit  fixes  to  vehicle  positioning  and  even  to  manpack  use. 
Although  the  time  interval  between  Transit  fixes  is  not  desirable,  there  are  many  situ¬ 
ations  in  which  Transit  could  well  be  the  only  source  of  accurate  geographic  reference. 
This  is  particularity  true  for  vast  desert  or  jungle  areas  where  accurately  surveyed 
landmarks  are  not  readily  available. 


Figure  22.  AN/WRN-5  Military  Satellite  Navigator 
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4.0  TRANSIT  STATUS  AND  VITALITY 

4 . 1  History  and  Future 

Development  of  Transit  began  late  in  1958,  and  the  system  became  operational  in 
January  of  1964.  On  July  29,  1967,  then  Vice  President  Hubert  H.  Humphrey  made  an 
important  announcement  as  part  of  a  speech  at  Bowdoin  College.  The  key  paragraph  from 
this  speech  reads  as  follows: 

"This  week  the  President  approved  a  recommendation 
that  the  Navy's  Navigation  Satellite  System  be 
made  available  for  use  by  our  civilian  ships  and 
that  commercial  manufacture  of  the  required  ship¬ 
board  receivers  be  encouraged.  This  recommenda¬ 
tion  was  developed  by  the  Department  of  the  Navy 
in  support  of  initiatives  of  the  Marine  Sciences 
Council  to  strengthen  worldwide  navigational  aids 
for  civilian  use.  Our  all-weather  satellite 
system  has  been  in  use  since  1964  by  the  Navy  and 
has  enabled  fleet  units  to  pinpoint  their  posi¬ 
tions  anywhere  on  the  earth.  The  same  degree  of 
navigational  accuracy  will  now  be  available  to 
our  non-military  ships." 

The  use  of  Transit  has  expanded  greatly  in  the  years  since  its  introduction. 
Manufacturers  around  the  world  have  taken  the  Presidential  encouragement  literally,  and 
since  1968  when  the  first  commercial  Transit  sets  were  available,  there  has  been  a  steady 
and  dramatic  increase  in  the  types  of  equipment  available  and  the  number  of  users 
worldwide . 


Regardless  of  past  achievements,  however,  questions  are  raised  about  the  future 
of  Transit  now  that  NAVSTAR,  the  Global  Positioning  System  (GPS)  is  being  developed.  If 
GPS  achieves  its  development  objectives  and  operational  funding  is  approved  by  the  U.S. 
Congress,  it  is  reasonable  to  expect  that  Transit  will  be  discontinued  after  a  sufficient 
overlap  interval  for  users  to  depreciate  existing  equipment  and  to  select  appropriate 
replacement  GPS  equipment.  Although  no  policy  statement  has  been  published  at  this  time, 
the  available  information  (see  Reference  12)  makes  this  author  conclude  that  Transit  will 
be  available  until  at  least  1995.  The  following  paragraphs  emphasize  the  vitality  of  the 
Transit  system  today  and  for  the  foreseeable  future. 

4 . 2  System  Reliability  and  Availability 

The  Transit  system  reliability  and  availability  can  be  seen  in  a  number  of 
areas.  One  is  the  remarkable  success  rate  of  the  Navy  Astronautics  Group  in  maintaining 
a  proper  orbit  message  in  the  memory  of  each  satellite.  From  January  of  1964  to  April  of 
1977,  there  had  been  only  7  message  injections  which  were  not  verified  as  100  percent 
successful  out  of  a  total  32,389  attempts.  Each  of  the  7  was  corrected  on  the  next 
satellite  pass,  about  107  minutes  later.  This  is  a  99.98  percent  success  record  and 
shows  outstanding  system  reliability. 

Figure  23  expresses  the  satellite  status  in  terms  of  reliability  and  avail¬ 
ability.  Three  of  the  five  operational  satellites  were  launched  over  ten  years  ago  at 
this  writing.  Amazingly,  the  signals  are  strong  and  the  satellites  continue  to  function 
flawlessly.  Backing  up  this  group  of  "never  say  die"  performers  are  twelve  spacecraft 
stored  where  they  were  built  many  years  ago  at  RCA  Astro  Electronics  in  New  Jersey. 

Being  very  light  (about  61  kilograms).  Transit  satellites  can  be  placed  in 
their  1,100  kilometer  orbits  with  relatively  inexpensive,  solid  fuel  Scout  rockets.  Nine 
of  these  boosters  currently  are  in  reserve  to  support  future  launches. 

It  appears  that  Transit  is  in  extremely  good  health  when  it  comes  to  reliable 
performance  today  and  provision  for  continuation  of  service  for  many  years  to  come, 
especially  noting  the  proven  longevity  of  the  spacecraft  design. 

4.3  New  Generation  of  Satellites 


As  shown  in  Figure  24,  the  Applied  Physics  Laboratory  has  developed  a  new 
generation  of  Transit  satellites,  which  they  called  TIP  for  Transit  Improvement  Program. 
Two  prototype  satellites  were  launched  as  part  of  the  development  effort. 

The  Navy  has  decided  to  produce  a  limited  number  of  these  new  satellites, 
which  will  now  be  called  NOVA.  RCA  is  building  the  first  three  NOVA  satellites,  and 
it  is  expected  that  at  least  two  more  will  be  built.  The  first  NOVA  is  expected  to  be 
launched  in  the  third  quarter  of  1979.  This  new  satellite  will  be  especially  welcome  in 
filling  the  orbit  gap  now  existing  between  satellites  30120  and  30200,  as  discussed  in 
Section  4.7. 
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Figure  23.  The  5  Operational  Transit  Satellites,  Launched  on  the  Dates 
Shown,  are  Backed  by  Twelve  Reserve  Spacecraft  at  RCA 


The  NOVA  satellite  signals  are  entirely  compatible  with  the  existing  Transit 
satellite  signals.  Therefore,  all  users  will  have  access  to  this  new  spacecraft.  How¬ 
ever,  the  NOVA  satellites  provide  many  important  new  capabilities,  all  of  which  have  been 
verified  with  the  experimental  TIP  satel¬ 
lites.  Of  particular  interest  are  the  fol¬ 
lowing  : 

•  DISCOS,  for  disturbance  com¬ 
pensation  system,  eliminates 
the  effect  of  atmospheric 
drag.  As  a  result,  each 
orbit  determination  will  re¬ 
tain  accuracy  for  up  to  a 
week  instead  of  24  hours  now. 

With  NOVA,  we  expect  survey 
navigation  results  to  con¬ 
verge  faster  and  have  better 
accuracy. 

•  NOVA  is  controlled  by  an  on¬ 
board  general  purpose  digital 
computer  which  can  be  pro¬ 
grammed  from  the  ground.  In 
conjunction  with  a  larger 
memory,  the  computer  can  pro¬ 
vide  orbit  parameters  for  ten 
days  without  requiring  upload 
of  new  information. 

•  A  new  data  modulation,  trans¬ 
parent  to  existing  receivers, 
can  be  switched  on.  Plans 
for  this  modulation  have  not 
been  announced,  but  it  could 
be  used  to  provide  more  pre¬ 
cise  orbit  parameters. 

•  The  received  signal  level 
from  NOVA  satellites  will  be 
twice  as  strong  (3  dB).  An¬ 
tenna  polarization  will  be 
left  hand  circular  on  both 
channels  rather  than  left  on 

150  MHz  and  right  on  400  MHz  Figure  24.  New  Generation  NOVA  Transit 
at  present.  Satellite  (Previously  called  TIPS) 
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•  Very  precise  clock  control  has  been  achieved  by  permitting  the  onboard 

computer,  to  adjust  oscillator  frequency  with  a  resolution  of  about 
1  x  10'  .  (To  make  the  carrier  and  the  data  modulation  coherent,  the 

nominal  frequency  offset  has  been  changed  from  80  ppm  to  84.48  ppm,  which 
should  not  cause  compatibility  problems.) 

•  To  transmit  the  precise  time  information,  a  high  frequency  pseudo-random 
noise  ( PRN )  modulation  has  been  added  to  both  the  150  and  400  MHz  signals. 
This  also  can  be  used  to  achieve  single-channel,  refraction  corrected 
fixes  (by  detecting  the  difference  in  group  delay  and  phase  delay  effects) 
and  a  properly  equipped  receiver  can  block  out  signals  from  any  other  sat¬ 
ellite,  thus  eliminating  the  potential  for  cross-satellite  interference. 


4 . 4  Expanding  User  Base 

Figure  25  is  a  chart  prepared  by  the  Navy  Astronautics  Group  based  on  informa¬ 
tion  received  from  15  of  19  manufacturers  of  Transit  user  equipment.  The  chart  shows  a 
total  user  population  of  1,899  sets  at  the  beginning  of  1977,  which  was  expected  to  grow 
to  4,350  sets  by  the  end  of  1978. 

The  user  population  growth  predicted  by  the  manufacturers  represents  an  annual 
growth  rate  of  51  percent.  To  see  if  this  were  possible,  data  was  included  from  an  ear¬ 
lier  survey  showing  the  total  population  at  the  beginning  of  1974  to  be  600  sets.  Grow¬ 
ing  from  600  to  1,899  in  three  years  required  an  annual  rate  of  47  percent.  Thus,  the 
predicted  annual  growth  of  51  percent  appears  to  be  in  line  with  past  trends,  and  it  may 
be  conservative  when  recent  product  innovations  are  considered. 


Figure  25  shows  the  growth  as  a  linear  function  of  time,  but  including  the  data 
from  1974  tells  us  that  this  is  not  the  case.  In  fact,  the  number  of  users  has  been 
increasing  as  a  percentage  of  the  existing  population,  which  is  a  straight  line  on 
logarithmic  paper.  Figure  26  is  such  a  plot  using  the  three  data  points  provided  by  the 
Navy  Astronautics  Group.  What  may  be  surprising  is  that  at  present  rates  the  user  popu¬ 
lation  should  reach  10,000  by  the  early  1980’s.  Based  on  data  available  as  of  the  first 
quarter  of  1978,  this  growth  trend  appears  to  be  continuing. 
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Investment  in  Transit  Navigation  Equipment 


Combining  data  from  the  Navy  Astronautics  Group  with  other  sources,  the  total 
investment  in  Transit  navigation  equipment  has  been  estimated,  as  summarized  by  Figure 
27.  Research  and  development  costs  are  not  included,  and  equipment  known  to  be  out  of 
service  has  been  deleted.  Overall,  we  believe  the  estimates  are  on  the  low  side. 

The  Navy  Strategic  Systems  Project  Office  has  been  included  as  a  separate 
category  due  to  their  special  involvement  with  Transit.  The  total  U.S.  Government 
investment  in  Transit  user  equipment  is  nearly  45  million  dollars.  Most  of  the  inte¬ 
grated  systems  are  owned  and  operated  by  private  firms  engaged  in  offshore  oil  explora¬ 
tion.  The  remaining  dual-channel  navigation  systems  are  used  for  survey  work  of  various 
types,  such  as  oceanography,  land  survey,  drill  rig  positioning,  cable  laying,  etc.  The 
single-channel  navigators  are  used  for  general  navigation  purposes  where  0.1  mile  fix 
accuracy  is  sufficient,  and  this  is  the  area  of  fastest  growth. 

The  last  column  in  Figure  27  is  an  estimate  of  the  cost  of  equipment  plus 
sparts.  Ten  percent  spares  cost  was  assumed  for  the  single-channel  equipment  and  30  per¬ 
cent  for  all  other  categories. 
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Figure  25.  Present  Status  and  Expected  Growth  in  Number  of  Transit 
System  Users  (Provided  by  the  Navy  Astronautics  Group) 
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Figure  26.  Growth  of  Transit  User  Population  Obtained 
From  Data  Provided  by  the  Navy  Astronautics  Group 
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Figure  27.  Estimated  Investment  in  Transit  Navigation 
Equipment  (April  1978) 

Figures  26  and  27  carry  a  powerful  and  surprising  message.  It  is  probable  that 
at  this  time  more  money  has  been  invested  in  Transit  user  equipment  than  in  marine  equip¬ 
ment  for  any  other  U.S.  radionavigation  system,  including  Loran-A,  Loran-C,  or  Omega. 
Naturally  the  reason  for  this  has  been  the  much  higher  price  for  Transit  equipment,  which 
always  requires  a  computer  and  often  is  combined  with  other  sensors  to  form  an  integrated 
system.  However,  Figure  26  shows  that  the  user  population  also  is  growing  rapidly, 
spurred  by  technical  innovations  which  permit  lower  prices,  better  performance,  and 
greater  reliability. 

4.6  Cost  of  Transit  System  Operation 


The  cost  of  operating  Transit  has  been  estimated  by  the  Navy  to  be  as  shown  in 
Figure  28.  For  those  familiar  with  the  opera¬ 
tional  costs  of  any  other  major  navigation  system,  TRANSIT  GROUND  STATION  PERSONNEL 

it  should  be  obvious  that  Transit  is  very  inexpen¬ 
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Figure  29  shows  the  orbital  spacing  of 

the  five  operational  Transit  satellites  and  their  total  209 

rates  of  precession  as  of  March  23,  1978.  This  . . . . . 

specific  orbital  configuration  was  used  to  predict  - - —  annual  cost 

the  average  interval  between  satellite  fixes  given  transit  group  support  s  50M 

by  Figure  3.  storage  of  12  satellites  0  3 
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Figure  29.  Orbital  Separation  of  the  Five  Operational  Transit 
Satellites  and  TRANSAT  (30110)  on  March  23,  1978 

To  evaluate  the  effect  of  filling  the  gap  with  another  satellite,  the  interval 
prediction  program  also  was  run  with  six  satellites.  The  sixth  satellite  is  TRANSAT 
(30110),  shown  with  a  dotted  line  in  Figure  29,  which  was  launched  by  the  U.S.  Navy  in 
1977.  This  satellite  is  intended  for  purposes  other  than  navigation,  although  it  has  a 
Transit  navigation  mode  which  can  switched  on  if  desired. 

Figure  31,  when  compared  with  Figure  30,  shows  the  dramatic  effect  of  having  a 
satellite  in  the  orbit  coverage  gap.  Not  only  are  there  more  satellite  fixes  available, 
but  a  much  higher  percentage  occur  after  shorter  waiting  times.  Figure  32  shows  the 
effect  on  mean  time  between  fixes  of  having  TRANSAT. 

Although  having  the  gap  filled  would  be  very  desirable,  the  Navy  does  not  plan 
to  use  TRANSAT  in  this  way.  However,  as  described  in  Section  4.3,  the  Navy  does  plan  to 
launch  the  new  generation  of  NOVA  satellites  beginning  in  the  third  quarter  of  1979.  Not 
only  will  NOVA  fill  the  gap,  but  the  orbits  will  be  controlled  to  maintain  precession  at 
negligible  levels.  In  1980,  two  NOVA  satellites  with  orthogonal  orbits  will  form  the 
backbone  of  the  Transit  system,  with  the  existing  satellites  continuing  to  provide  fixes 
as  well. 


The  preceding  paragraphs  have  attempted  to  communicate  the  basic  vitality  of 
the  Transit  system.  We  see  this  vitality  in  the  system  reliability,  the  new  generation 
of  satellites,  the  expanding  user  base,  the  amazing  breadth  of  applications,  the  substan¬ 
tial  worldwide  investment  in  Transit  navigation  equipment,  and  in  the  very  low  cost  of 
system  operation.  With  all  things  considered,  this  author  is  certain  the  Transit  system 
will  continue  to  provide  its  vital  navigation  service  until  at  least  1995. 

5.0  THE  POSITION  FIX  TECHNIQUE 

5 . 1  The  Satellite  Signals 

Figure  33  is  a  block  diagram  of  the  Transit  satellite  electronics.  The  satel¬ 
lites  transmit  coherent  carrier  frequencies  at  approximately  150  and  400  MHz.  Because 
both  signals  are  derived  by  direct  multiplication  of  the  reference  oscillator  output,  the 
transmitted  frequencies  are  very  stable,  changing  no  more  than  about  1  part  in  10TI 
during  a  satellite  pass.  Thus,  they  may  be  assumed  to  be  constant  with  negligible  error. 

The  reference  oscillator  output  also  is  divided  in  frequency  to  drive  the 
memory  system.  In  this  way,  the  navigation  message  stored  there  is  read  out  and  encoded 
by  phase  modulation  onto  both  the  150  and  400  MHz  signals  at  a  constant  and  carefully 
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Figure  30.  Cumulative  Probability  of  Waiting  Time  for 
the  Next  Transit  Fix  With  the  Five  Current  Satellites 
(mid-1978 ) 


controlled  rate.  Thus,  the  transmitted  signals  provide  not  only  a  constant  reference 
frequency  and  a  navigation  message  but  also  timing  signals,  because  the  navigation 
message  is  controlled  to  begin  and  to  end  at  the  instant  of  every  even  minute.  An 
updated  navigation  message  and  time  corrections  are  obtained  periodically  from  the  ground 
by  way  of  the  satellite's  injection  receiver.  The  time  correction  data  are  stored  :'n  the 
memory  and  applied  in  steps  of  9.6  microseconds  each. 

Each  binary  bit  of  the  message  is  transmitted  by  phase  modulation  of  the  150 
and  400  MHz  signals.  The  modulation  format  for  a  binary  one  is  given  in  Figure  34,  and  a 
binary  zero  is  transmitted  with  the  inverse  pattern.  As  shown,  this  format  furnishes  a 
clock  signal  at  twice  the  bit  rate,  which  is  used  to  synchronize  the  receiving  equipment 
with  the  message  data. 

Because  the  satellites  transmit  only  about  one  watt  of  power  and  may  be  thou¬ 
sands  of  kilometers  away,  very  sensitive  receivers  are  needed.  In  addition,  however,  the 
orbit  parameters  must  be  verified  by  comparing  redundant  messages  to  detect  and  eliminate 
occasional  errors  in  the  received  data. 

5 . 2  Interpretation  of  Satellite  Message 

Figure  35  indicates  how  the  navigation  message  defines  the  position  of  the 
satellite.  During  every  two  minute  interval  the  satellite  transmits  a  message  consisting 
of  6,103  binary  bits  of  data  organized  into  6  columns  and  26  lines  of  39-bit  words,  plus 
a  final  19  bits.  The  message  begins  and  ends  at  the  instant  of  the  even  minute,  which 
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Figure  31.  Cumulative  Probability  of  Waiting  Time  for 
the  Next  Transit  Fix  Assuming  TRANSAT  Use  (mid-1978) 

are  denoted  as  time  marks  t-  and  t- ...  The  final  25  bits  of  each  message  form  a  synchro¬ 
nization  word  (OlllllllllllTllllllllTllO)  that  identifies  the  time  mark  and  the  start  of 
the  next  2-minute  message.  By  recognizing  this  word,  the  navigation  receiver  establishes 
time  synchronization  and  thereafter  can  identify  specific  message  words. 

The  orbital  parameters  are  located  in  the  first  22  words  of  column  6,  and  those 
in  lines  9  through  22  are  changed  only  when  a  new  message  is  injected  into  the  memory. 
These  fixed  parameters  define  a  smooth,  precessing,  elliptical  orbit;  satellite  position 
being  a  function  of  time  since  a  recent  time  of  orbit  perigee. 

The  words  in  lines  one  through  eight  shift  upward  one  place  every  two  minutes, 
with  a  new  word  inserted  each  time  in  line  eight.  These  variable  parameters  describe  the 
deviation  from  the  smooth  ellipse  of  the  actual  satellite  position  at  the  indicated  even 
minute  time  marks.  By  interpolation  through  the  individual  variable  parameters,  the 
satellite  position  can  be  defined  at  any  time  during  the  satellite  pass. 

Figure  36  aids  in  interpreting  the  Transit  message  parameters.  On  the  left  is 
a  set  of  typical  fixed  parameters  and  an  indication  of  how  they  are  to  be  interpreted.  On 
the  right  is  a  set  of  variable  parameters  with  an  interpretation  of  one.  The  following 
paragraphs  will  describe  how  each  of  these  is  used. 

The  "Q"  number  provides  a  time  tag  for  each  word  of  variable  parameters.  In 
the  example  given,  the  number  07  means  that  this  word  applies  at  seven  2-minute  intervals 
past  the  half  hour,  i.e.,  14  minutes  or  44  minutes  after  the  hour.  This  is  why  it  is 
necessary  to  initialize  a  Transit  set  to  within  plus  or  minus  15  minutes  of  correct  (GMT) 
time  in  order  to  synchronize  properly.  A  time  error  of  less  than  15  minutes  will  be 
resolved  by  the  "Q"  number  from  the  satellite  message. 
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Figure  32.  Mean  Time  Between  Fixes  Which  Would  Occur  With  and 
Without  TRANSAT  During  mid-1978 

From  Figure  36  also  note  that  only  one  digit  of  the  variable  parameter  n.  is 
transmitted  in  each  word.  Because  two  digits  are  required,  this  parameter  is  defined 
only  every  four  minutes  at  times  which  are  integer  multiples  of  four  minutes.  The 
interpretation  of  the  first  digit  of  >1^  also  is  given  by  the  figure. 

The  objective  is  to  define  the  satellite  position  as  a  function  of  time.  To 
achieve  this,  three  different  coordinate  systems  are  employed.  Figure  37  defines  the 
u,  v,  w  coordinate  system.  These  coordinates  are  earth-centered,  u  and  v  lie  in  the 
plane  of  the  satellite  orbit,  and  u  is  through  the  point  of  perigee  (closest  point  to  the 
earth).  On  the  left  of  Figure  37  are  shown  the  classical  Kepler  orbit  definition  equa¬ 
tions.  The  Transit  orbit  definition  equations  are  very  similar,  except  for  simplifica¬ 
tions  in  the  expressions  for  E.  and  for  v.  .  Error  introduced  by  these  simplifications  is 
eliminated  by  application  of  variable  parameters  AE.  and  AA.  .  The  w.  parameter  defines 
out-of-plane  satellite  motion,  which  is  simply  the  variable  [f&rameter  r^. 

Figure  38  shows  how  the  x',  y',  z'  coordinates  are  obtained  by  rotation  of  the 
u,  v,  w  coordinates.  Rotation  by  the  "argument  of  perigee"  places  x'  in  the  earth's 
equatorial  plane. 

Finally,  Figure  39  shows  that  with  two  rotations  the  satellite  position  can  be 
defined  in  an  X,  Y,  Z  coordinate  system  which  is  earth-centered  and  earth  fixed,  with  Z 
being  the  polar  axis  (mean  pole  of  1900-1905  or  Conventional  International  Origin)  and  X 
being  in  the  equatorial  plane  through  the  Greenwich  meridian.  The  two  rotations  account 
for  the  longitude  of  the  orbit  plane  at  t.  and  the  inclination  of  the  orbit  with  respect 
to  earth's  equatorial  plane.  K 
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Figure  33.  Transit  Satellite  Block  Diagram 
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Figure  34.  Transit  Data  Phase  Modulation 

Figures  37  through  39  clearly  show  how  the  Transit  orbit  parameters  are  inter¬ 
preted  and  how  they  are  used  to  obtain  a  definition  of  the  satellite  position  in  an  earth 
fixed  Cartesian  coordinate  frame.  These  coordinates  can  be  computed  for  any  time  by 
interpolation  of  the  satellite  variable  parameters. 


5 . 3  The  Doppler  Measurement 

By  receiving  the  navigation  message  the  Transit  system  user  learns  the  position 
of  the  satellite  as  a  function  of  time.  Thus,  to  obtain  a  position  fix  he  must  relate 
his  position  to  the  known  satellite  orbit.  This  relationship  is  established  by  measuring 
the  Doppler  shift,  which  is  a  unique  function  of  the  observer's  position  and  motion 
relative  to  the  known  satellite  orbit. 


Figure  40  illustrates  the  Doppler  measurement  technique.  The  frequency  f 
being  received  from  the  satellite  consists  of  the  frequency  being  transmitted  f_  plus  a 
Doppler  frequency  shift  of  up  to  ±8  kHz  due  to  relative  motion  between  the  satellite  and 
the  receiver.  Note  that  the  transmitted  frequency  is  offset  low  by  about  80  ppm  (32  kHz 
at  400  MHz )  to  prevent  fR  from  crossing  400  MHz . 
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Figure  40.  Each  Dopplet  Count  Measures  Slant  Range  Change 

that  time  interval.  It  is  the  Doppler  cycle  count  which  rs  physically  meaningful.  The 
count  of  the  difference  frequency  is  an  additive  constant  which  is  eliminated  by  the 
position  fix  calculation. 

Figure  40  emphasizes  that  the  distance  between  the  satellite  and  the  observer 
changes  throughout  the  satellite  pass.  It  is  this  change,  in  fact,  which  causes  the 
Dopplet  frequency  shift.  As  the  satellite  moves  closer,  more  cycles  per  second  must  be 
received  than  were  transmitted  to  account  for  the  shrinking  number  of  wavelengths  along 
the  propagation  path.  For  each  wavelength  the  satellite  moves  closer,  one  additional 
cycle  must  be  received.  Therefore,  the  Doppler  frequency  count  is  a  direct  measure  of 
the  change  in  distance  between  the  receiver  and  the  satellite  over  the  Doppler  count 
interval.  In  other  words,  the  Doppler  count  is  a  geometric  measure  of  the  range  differ¬ 
ence  between  the  observer  and  the  satellite  at  two  points  in  space,  accurately  defined  by 
the  navigation  message.  This  is  a  very  sensitive  measure  because  each  count  represents 
one  wavelength,  which  at  400  MHz  is  only  0.75  meter. 

The  equation  defining  the  Doppler  count  of  f  -f  is  the  integral  of  this  dif¬ 
ference  frequency  over  the  time  interval  between  receipt  of  time  marks  from  the  satel¬ 
lite.  For  example, 
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Note  that  t  ♦  R|/C  is  the  time  of  receipt  of  the  satellite  time  mark  that  was  trans¬ 
mitted  at  time  tr.  .  The  signal  is  received  after  propagating  over  distance  R,  at  the 
velocity  of  light  C.  1 

Equation  1  represents  the  actual  measurement  made  by  the  satellite  receiver, 
but  it  is  helpful  to  expand  this  equation  into  two  parts: 
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Because  the  first  integral  in  Equation  2  is  of  a  constant  frequency  f  it  is  easy  to 
integrate,  but  the  second  integral  is  of  the  changing  frequency  f  Howfever,  the  second 
integral  represents  the  number  of  cycles  received  between  the  tifines  of  receipt  of  two 
timing  marks.  By  a  "conservation  of  cycles"  argument,  this  quantity  must  equal  identi¬ 
cally  the  number  of  cycles  transmitted  during  the  time  interval  between  transmission  of 
these  time  marks.  Using  this  identity,  Equation  2  can  be  written 
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Because  the  frequencies  f_  and  f„  are  assumed  constant  during  a  satellite  pass,  the 
integrals  in  Equation  3  becfeme  triv&l,  resulting  in 

N1  =  fG  [(t2  tl)  +  C  <R2  "  Kl)]  ”  fT(t2  "  tl)  (4) 

Rearranging  the  terms  in  Equation  4  gives 
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Equation  5  clearly  shows  the  two  parts  of  the  Doppler  count.  First  is  the 
constant  difference  frequency  multiplied  by  a  time  interval  defined  by  the  satellite 
clock.  Second  is  the  direct  measure  of  slant  ra.ige  change  measured  in  wavelengths  of  the 
ground  reference  frequency  C/f„.  It  happens  that  the  wavelength  of  f  is  the  proper 
scale  factor  because  received  time  marks  are  used  to  start  and  stop  the^Doppler  counts. 
If  a  ground  clock  is  used  to  control  the  count  intervals,  the  wavelength  of  f  would 
become  the  appropriate  scale  factor.  1 

5 . 4  Computing  the  Fix 

A  usable  satellite  pass  will  be  above  the  horizon  between  10  and  18  minutes, 
which  determines  the  number  of  Doppler  counts  acquired.  Typically  20  to  40  counts  will 
be  collected  by  modern  equipment.  The  Doppler  counts  and  the  satellite  navigation  mes¬ 
sage  are  passed  to  a  small  digital  computer  for  processing.  For  simplicity,  we  will 
assume  a  stationary  receiver  as  shown  in  Figure  40  in  order  to  establish  the  basic  posi¬ 
tion  fix  concept. 


The  computer  first  takes  advantage  of  message  redundancy  to  eliminate  errors  in 
the  received  orbit  parameters.  It  is  then  able  to  compute  the  satellite's  position  at 
the  beginning  and  end  of  every  Doppler  count.  The  computer  also  receives  an  estimate  of 
the  navigator's  position  in  three  dimensions,  i.e.,  latitude,  longitude,  and  altitude 
above  the  reference  ellipsoid.  The  equations  of  Figure  41  are  used  to  convert  the  navi¬ 
gator's  position  into  the  same  Cartesian  coordinate  system  shown  in  Figure  39,  which  per¬ 
mits  the  slant  range  from  the  navigator  to  each  satellite  position  to  be  calculated.  It 
is  then  possible  to  compare  the  slant  range  change  measured  by  each  Doppler  count  with 
the  corresponding  value  computed  from  the  estimated  navigator's  position. 


The  difference  between  a  Doppler  measured  slant  range  change  and  the  value 
computed  from  the  estimated  position  is  called  a  residual  e-.  The  objective  of  the 
position  fix  calculation  is  to  find  the  navigator's  position  which  minimizes  the  sum  of 
the  squares  of  the  residuals  (i.e.,  makes  the  calculated  slant  range  change  values  agree 
best  with  the  measured  values).  To  implement  the  solution,  a  simple,  linear  estimate  is 
made  of  the  effect  each  variable  will  have  on  each  residual.  Assuming  we  wish  to  solve 
for  latitude  (o),  longitude  (\),  and  the  unknown  frequency  offset  F  =  f-f,  we  can  write 
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This  equation  states  that  if  we  move  the  estimated  position  by  A<»  and  by  AA  and  the 
estimated  frequency  offset  by  AF,  the  present  residual  e-  will  become  a  new  value, 
estimated  to  be  e-.  Next  we  wish  to  minimize  the  sum  of  £he  squares  of  the  estimated 
residuals  by  settfng  the  partial  derivative  with  respect  to  each  variable  equal  to  zero. 
This  results  in  three  equations,  where  the  summation  covers  the  m  valid  Doppler  count 
residuals . 
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Figure  41.  Relating  Latitude  and  Longitude  to  Cartesian  Coordinates 


Ignoring  all  but  the  first-order  terms  oi  equations  7  gives  three  equations  in  the  three 
selected  variables,  Ao  ,  a\ ,  and  AF. 
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Because  only  linear,  first-order  terms  are  used,  the  values  of  Ac,  A\,  and  AF 
which  satisfy  these  equations  will  be  an  approximation  to  the  exact  solution.  Therefore, 
the  original  estimates  of  latitude,  longitude,  and  frequency  are  adjusted  in  accordance 
with  the  first  solution,  and  new  slant  ranges,  residuals,  and  partial  derivatives  of  the 
residuals  are  computed  for  another  solution.  This  process  is  repeated,  or  iterated, 
until  the  computed  values  of  io,  A\ ,  and  AF  are  sufficiently  small,  at  which  point  the 
solution  is  said  to  have  converged.  Normally,  only  two  or  three  iterations  are  required, 
even  when  the  initial  estimate  is  tens  of  kilometers  from  the  final  solution.  Note  that 
ignoring  higher  order  terms  has  no  effect  on  final  accuracy,  because  these  terms  tend  to 
zero  as  the  solution  converges. 

In  summary,  the  Transit  position  fix  begins  with  an  estimated  position  and 
determines  the  shift  in  that  position  required  to  best  match  calculated  slant  range 
differences  with  those  measured  by  the  Doppler  counts.  The  initial  estimate  can  be  in 
error  by  200  or  300  km  and  the  solution  will  converge  to  an  accurate  value. 

5. b  Accounting  for  Motion 

If  the  navigator  is  in  motion  during  the  satellite  pass,  the  motion  must  be 
recorded  before  an  accurate  position  fix  can  be  computed.  As  Figure  S  in  Section  2 
shows,  only  if  the  motion  is  known  can  the  calculated  range  differences  from  satellite  to 
receiver  be  compared  properly  with  the  range  differences  measured  by  the  Doppler  counts. 
Automatic  speed  and  heading  inputs  often  are  employed  for  this  purpose.  During  the 
satellite  pass  the  computer  creates  a  table  of  the  navigator's  estimated  latitude  and 
longitude  at  the  beginning  and  end  of  each  Doppler  count  interval.  As  before,  the  fix 
solution  provides  a  delta-latitude  and  a  delta-longitude,  which  are  added  to  every  point 
in  the  navigator's  table  between  iterations  of  the  solution.  Therefore,  although  the 
final  position  fix  result  may  be  expressed  as  a  latitude  and  a  longitude  at  one  point  in 
time,  the  fix  solution  in  fact  is  a  shift  of  the  entire  estimated  track. 
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6 . 1  Static  System  Errors 

Reference  11  presents  an  error  budget  for  individual  Transit  position  fixes 
that  provides  a  good  summary  of  the  factors  affecting  accuracy  when  the  navigatoi  is  not 
mov l ng : 


Source  Error  (meters) 


1. 

Uncorrected  propagation  effects  (ionospheric 
and  trospheric  effects) 

1-5 

2. 

Instrumentation  and  measurement  noise  (local 
and  satellite  oscillator  phase  jitter,  navi¬ 
gator's  clock  error) 

3-6 

3. 

Uncertainties  in  the  geopotential  model  used 
in  generating  the  orbit 

10-20 

4. 

Uncertainties  in  navigator's  altitude 
(generally  results  in  bias  in  longitude) 

10 

5. 

Unmodeled  polar  motion  and  UT1-UTC  effects 

0-10 

6. 

Incorrectly  modeled  surface  forces  (drag  and 
radiation  pressure  acting  on  the  satellites 
during  extrapolation  interval) 

10-25 

7. 

Ephemeris  rounding  error  (last  digit  in 
ephemeris  is  rounded) 

5 

Since  publication  of  this  table  in  1973,  the  polar  motion  error  has  been 
modeled  and  is  included  as  an  adjustment  to  the  transmitted  orbit  parameters.  The  root 
sum  square  (rss)  of  the  remaining  errors  lies  in  the  range  of  18  to  35  meters,  which  we 
believe  is  slightly  optimistic  due  to  the  laboratory  standards  and  the  sophisticated 
refraction  correction  models  employed  by  the  Applied  Physics  Laboratory.  Field  results 
usually  lie  in  the  range  of  27  to  37  meters  rss.  Figure  6  presented  a  typical  set  of 
stationary  fix  results.  The  maximum  error  was  77  meters,  and  the  rss  radial  error  was 
32  meters  for  all  69  points. 

6.1.1  Refraction  Errors 

There  are  two  sources  of  refraction  error;  the  larger  one  is  due  to  the  iono¬ 
sphere.  As  illustrated  by  Figure  42,  as  the  150  and  400  MHz  signals  pass  through  the 
ionosphere,  their  wavelengths  are  stretched  because  of  interaction  with  free  elections 
and  ions.  This  stretching  represents  a  phase  velocity  greater  than  the  speed  of  light, 
which  is  characteristic  of  a  dispersive  medium.  To  a  close  first-order  approximation, 
the  wavelength  stretch  is  inversely  proportional  to  the  square  of  transmitted  frequency. 
Because  satellite  motion  changes  the  patli  length  through  the  ionosphere,  the  rate  of 
change  of  this  stretch  causes  an  ionospheric  refraction  error  frequency  shift  in  the 
received  signal.  Reference  3  showed  that  an  excellent  refraction  correction  could  be 
obtained  by  combining  the  Doppler  measurements  made  at  two  different  frequencies,  and 
this  is  why  Transit  satellites  transmit  both  150  and  400  MHz  signals. 

For  applications  not  requiring  the  ultimate  system  accuracy,  400  MHz  single¬ 
channel  receiving  equipment  can  be  used.  Figure  42  demonstrates  that  because  of  wave¬ 
length  stretching,  the  satellite  will  appear  to  follow  a  path  with  greater  curvature 
about  the  navigator.  The  effect  is  to  reduce  the  total  Doppler  shift  somewhat,  pushing 
the  position  fix  solution  away  from  the  satellite  orbit  to  explain  the  lowei  Dopplei 
slope.  Because  the  satellites  move  primarily  along  north-south  lines,  the  resultant 
navigation  errors  are  mostly  in  longitude.  The  magnitude  of  these  errors  varies  with 
density  of  the  ionsphere  from  very  small  at  night  to  peaks  of  200  to  500  meters  in  day¬ 
light,  depending  on  sunspot  activity  and  location  with  respect  to  the  magnetic  equatoi 
where  the  ionosphere  is  most  dense.  Figure  43  is  a  plot  of  typical  single-channel 
results  containing  both  daytime  and  nighttime  fixes  in  which  the  maximum  error  is 
242  meters  and  the  rss  error  is  88  meters. 

The  second  source  of  refraction  error  is  the  troposphere.  In  this  case,  propa¬ 
gation  speed  is  slowed  as  the  signal  passes  through  the  earth's  atmosphere,  which  com¬ 
presses  the  signal  wavelength.  The  effect  is  directly  proportional  to  transmitted 
frequency,  as  is  the  Doppler  shift,  and  therefore  it  cannot  be  detected  like  ionospheric- 
refraction.  There  are  only  two  ways  to  reduce  the  effect  of  tropospheric  refraction. 
First  is  by  modeling  its  effect  on  the  Doppler  counts.  Very  sophisticated  models  employ¬ 
ing  measurements  of  temperature,  pressure,  and  humidity  have  been  published  for  this  pur¬ 
pose,  but  less  sophisticated  models  are  usually  sufficient  (Reference  8).  This  is 
especially  true  in  conjunction  with  the  second  technique,  which  is  to  delete  Dopplei  data 
taken  close  to  the  horizon  where  the  tropospheric  refraction  error  is  greatest.  Above 
5°  to  10°  of  elevation,  the  tropospheric  error  is  many  times  smaller  than  at  the  horizon, 
as  illustrated  by  Figure  44  which  shows  typical  magnitude  of  range  error  as  a  function  ot 
elevation  above  the  horizon. 
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Figure  42 . 


Ionospheric  Retraction  Stretches  Signal  Wavelength 
Causing  Greater  Apparent  Orbit  Curvature 
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Figure  43.  Typical  Single-Channel  Transit  Position  Fix  Results 
6.1.2  Altitude  Error 

The  specific  Doppler  cuive  obtained  as  a  satellite  passes  is  predominantly  a 
function  of  the  navigator's  position  along  the  line  of  satellite  motion  and  his  distance 
from  the  orbit  plane.  Because  Transit  satellites  are  in  polar  orbits,  the  along-track 
position  closely  relates  to  la*,  .tude  and  the  cross-track  distance  is  a  combination  of 
longitude  and  altitude. 

Figure  4b  is  the  cross  section  of  a  pass  where  the  satellite  is  moving  in  its 
orbital  plane  perpendicular  to  the  page.  It  has  just  reached  the  center  of  pass  with 
respect  to  stations  X,  Y,  and  Z.  The  figure  illustiates  how  the  cross-track  distance  is 
a  function  of  both  longitude  and  altitude,  which  affect  the  Doppler  curve  in  similar 
ways.  To  compute  an  accurate  fix,  theiefoie,  it  is  necessary  to  have  a  pi  101  i  knowledge 
of  altitude.  Figure  4b  shows  the  sensitivity  of  fix  error  to  altitude  error  as  a  func¬ 
tion  of  maximum  satellite  pass  elevation  angle.  The  elevation  angle  is  plotted  on  a 
scale  that  is  uniform  in  probability  of  satellite  pass  occurrence.  In  other  words,  more 
passes  fall  between  10°  and  20°  than  between  70°  and  00°,  except  at  very  high  altitudes. 
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For  satellite  navigation  "altitude" 
means  height  above  or  below  the  reference  spheroid 
(the  reference  ellipsoid  or  satellite  datum). 
This  surface  is  chosen  to  be  a  worldwide  best  fit 
to  mean  sea  level,  which  is  the  true  geoid.  Fig¬ 
ure  47  illustrates  the  differences  between  the 
geoid,  the  spheroid,  and  topography.  Therefore, 
knowing  height  above  mean  sea  level  is  not  suffi¬ 
cient  for  an  accurate  position  fix.  One  also 
must  know  the  local  geoidal  height,  which  is  the 
deviation  between  the  geoid  and  the  spheroid. 
Figure  48  is  a  geoidal  height  map  indicating  that 
these  deviations  reach  nearly  100  meters. 

The  geoidal  height  chart  of  Figure  48 
was  developed  by  observing  the  influence  of  the 
earth's  gravity  field  on  satellite  orbits.  As  a 
result,  extremely  fine  grain  structure  cannot  be 
detected,  and  the  map  is  known  to  be  in  error  by 
±20  meters  in  many  places.  Since  the  map  was 
first  published  in  1967,  refinements  have  been 
made  but  have  not  been  released  because  of  mili¬ 
tary  classification.  Thus,  for  maximum  accuracy 
it  is  better  to  determine  local  geoidal  height  by 
the  fixed  site  survey  techniques  described  in 
Section  3.5. 

6 . 2  Accuracy  Underway 

All  discussion  of  navigation  error  for  a 
stationary  receiver  applies  equally  well  to  a  mov¬ 
ing  receiver,  as  long  as  the  motion  is  precisely 
known  and  secondary  system  errors  are  not  intro¬ 
duced.  If  the  motion  is  not  known  accurately, 
however,  additional  position  fix  error  will  occur. 
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Figure  44.  Typical  Range  Measurement 
Error  Due  to  Trospheric  Refraction 


Figure  49  is  a  useful  way  to  visualize  the  effect  of  velocity  error.  The 
ellipse  is  fitted  through  eight  position  fixes,  with  a  one-knot  velocity  error  in  each  of 
eight  compass  directions.  Note  that  fix  error  is  greater  when  the  velocity  error  is  in  a 
north-south  direction,  and  the  fix  error  direction  depends  on  direction  of  satellite 
motion  and  on  whether  the  pass  is  to  the  east  or  to  the  west  of  the  observer. 


Whereas  Figure  49  is  for  a  single  position  fix,  Figures  50  and  51  show  the 
errors  caused  by  a  one-knot  velocity  error  north  and  east,  respectively,  as  a  function  of 
maximum  pass  elevation  angle.  As  with  Figure  46,  elevation  angle  is  plotted  to  represent 
a  uniform  probability  of  pass  occurrence. 


Figure  7  in  Section  2  was  an  attempt  to  express  overall  Transit  system  accuracy 
in  a  single  set  of  curves.  As  can  be  seen  now,  the  result  is  overly  simplified  and  some¬ 
what  conservative,  but  it  does  indicate  realistic  rss  performance  levels.  One  can  see 
that  a  dual-channel  system  provides  maximum  benefit  when  there  is  an  accurate  source  of 
velocity.  The  other  benefit  of  the  dual-channel  system  is  to  eliminate  the  peak  200  to 
500  meter  errors  which  occur  with  single-channel  equipment  during  the  day,  dependent  on 
sunspot  activity. 


Figure  45. 


Effect  of  Altitude  Estimate  on  Position  Fix 
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Figure  46.  Sensitivity  of  Satellite  Fix  to  Altitude  Estimate  Error 

6 . 3  Velocity  Solution 

The  normal  position  fix  solution  determines  latitude,  longitude,  and  frequency  offset  by 
means  of  Equations  8.  These  equations  easily  could  be  expanded  to  include  other  system 
variables  such  as  velocity  north,  velocity  east,  altitude,  and  even  acceleration.  With 
every  new  variable,  however,  accuracy  would  become  more  and  more  sensitive  to  system 
noise.  In  fact,  studies  have  shown  that  velocity  north  is  the  only  parameter  which  can 
be  added  without  creating  intolerable  noise  sensitivity;  that  is,  it  is  the  only  other 
variable  which  affects  Doppler  curve  shape  in  a  way  that  can  be  discerned  clearly  from 
the  effects  of  latitude,  longitude,  or  frequency.  To  be  precise,  the  added  variable 
should  be  velocity  parallel  to  satellite  motion,  but  velocity  north  is  an  adequate 
approximation  at  most  latitudes  because  the  satellites  are  in  polar  orbits. 

Solving  for  velocity  north  increases  position  fix  error  when  ship's  motion  is 
accurately  known.  Therefore  it  should  be  attempted  only  when  velocity  errors  are  likely 
to  exceed  about  0.4  knot.  The  expanded  solution  is  more  sensitive  to  other  sources  of 
system  noise,  such  as  asymmetric  Doppler  data,  and  it  does  not  work  well  for  pass  eleva¬ 
tion  angles  below  20°.  Finally,  the  velocity  north  result  becomes  the  scapegoat  for 
other  system  errors  and  is  not  a  dependable  measure  of  velocity  north  error;  it  simply 
allows  the  latitude  and  longitude  to  be  more  accurate  in  the  face  of  large  velocity 
errors . 

6 . 4  Reference  Datum 

It  is  important  to  realize  that  map's  are  drawn  and  positions  are  defined  with 
respect  to  a  reference  datum.  In  the  United  States  we  use  the  North  American  Datum,  in 
Japan  the  Tokyo  Datum,  in  Europe  the  European  Datum,  etc.  The  Transit  system  currently 
uses  the  World  Geodetic  System  of  1972  (WGS-72).  As  a  result,  the  same  reference  marker 
will  have  a  different  set  of  latitude  and  longitude  coordinates  in  each  reference  datum. 
Apparent  differences  of  ^-kilometer  occur  in  some  locations. 

The  four  parts  of  Figure  52  help  us  visualize  the  concept  of  reference  datums 
and  how  they  relate  to  each  other.  Figures  47  and  48  already  indicated  that  the  earth  is 
an  irregular  shape  due  to  density  (gravity)  variations,  and  Figure  52(a)  is  an  exagger¬ 
ated  model  of  an  irregular  "earth".  The  surface  shown  represents  the  geoid,  which  is 
defined  as  the  location  of  mean  sea  level  over  the  entire  earth's  surface. 

In  order  to  make  reasonably  accurate  maps,  a  model  o,  the  earth's  surface  is 
needed.  Figure  52(b)  shows  how  such  models  have  been  designed  to  fit  the  earth  over  the 
area  of  local  interest,  which  in  the  past  never  was  larger  than  a  continent.  The  model 
consists  of  a  spheroid  (ellipsoid)  and  one  position  called  the  datum  at  which  latitude 
and  longitude  are  defined.  Such  a  model  works  well  and  allows  accurate  maps  to  be  drawn 
in  the  vicinity  of  the  datum. 
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The  reference  oscillator  output  also  is 
memory  system.  In  this  way,  the  navigation  message 
by  phase  modulation  onto  both  the  150  and  400  MHz 


divided  in  frequency  to  drive  the 
stored  there  is  read  out  and  encoded 
signals  at  a  constant  and  carefully 
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Figure  47.  Relationships  of  Geodetic  Surfaces  (From  NASA  Directory 
of  Observation  Station  Locations,  2nd  Ed.,  Vol .  1,  Nov.  1971, 

Goddard  Space  Flight  Center) 

Now  that  satellites  are  being  used  to  measure  the  geoid  (satellite  geodesy),  a 
different  type  of  datum  is  needed.  As  illustrated  by  Figure  52(c),  a  world  spheroid  may 
not  fit  the  earth  very  well  at  any  one  location,  but  it  is  a  "best  fit"  to  the  entire 
earth.  In  additon,  there  is  not  a  single  reference  datum  position  because  many  satellite 
tracking  stations  are  involved,  and  their  positions  are  defined  as  part  of  the  calcula¬ 
tions  which  determine  the  earth's  geopotential  field  (geoid).  The  WGS-72  spheroid  is  a 
"best  fit"  to  the  WGS-72  geoid. 

Figure  52(d)  makes  it  clear  that  there  must  be  some  method  of  relating  a  posi¬ 
tion  in  one  datum  to  coordinates  in  another.  For  example,  satellite  position  fixes  taken 
in  Tokyo  harbor  might  show  the  ship  to  be  well  inland  when  plotted  on  a  local  chart.  The 
reason  is  datum  difference  as  illustrated  by  Figure  52(d). 

The  coordinate  differences  between  two  datums  can  be  resolved  by  knowledge  of 
three  (or  four)  offset  parameters  and  the  size  and  shape  of  each  spheroid.  First  is  the 
x,  y,  and  z  offset  between  the  center  of  the  two  spheroids.  Sometimes  a  longitude 
rotation  is  needed  as  a  fourth  offset.  The  size  and  shape  of  each  spheroid  are  defined 
by  the  semi-major  axis  (equatorial  radius)  and  by  the  flattening  coefficient. 

Reference  13  lists  datum  shift  constants  which  can  be  used  in  converting  from 
various  datums  to  WGS-72,  shown  here  in  Figure  53.  Caution  should  be  exercised  in  trust¬ 
ing  the  results  for  two  reasons.  First  is  that  Reference  13  indicates  the  accuracy  of 
each  offset  constant  is  only  ±5  meters  in  North  America,  ±10  meters  in  Europe,  and  ±15 
meters  in  Japan  and  Australia.  Part  of  this  uncertainty  is  due  to  distortions  in  the 
local  reference  datum.  The  second  reason  is  that  the  offset  parameters  were  determined 
empirically  with  Geoceiver  surveys  using  precise  ephemeris  orbits  (see  Section  3.5.4). 
Unfortunately,  there  are  differences  of  perhaps  10  meters  between  positions  determined 
with  precise  ephemeris  orbits  from  the  Defense  Mapping  Agency  and  those  determined  with 


Figure  35  indicates  how  the  navigation  message  defines  the  position  of  the 
satellite.  During  every  two  minute  interval  the  satellite  transmits  a  message  consisting 
ot  “,1(?3  binary  bits  of  data  organized  into  6  columns  and  26  lines  of  39-bit  words,  plus 
a  final  19  bits.  The  message  begins  and  ends  at  the  instant  of  the  even  minute,  which 
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Figure  48.  Geoidal  Height  Chart  Obtained  From  Model  of  Earth's 
Gravity  Field.  Dimensions  are  Meters  of  Mean  Sea  Level 
Above  the  Reference  Spheroid 
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Figure  49.  Effect  of  a  One-Knot  Velocity  Error  on  the  Position  Fix  From  a  31° 
Satellite  Pass.  Direction  of  Velocity  Error  is  Noted  Beside  Each  of  the  8  Fix 
Results.  Satellite  Was  East  of  Receiver  and  Heading  North. 


past  the  half  hour,  i.e.,  14  minutes  or  44  minutes  after  the  hour.  This  is  why  it  is 
necessary  to  initialize  a  Transit  set  to  within  plus  or  minus  15  minutes  of  correct  (GMT) 
time  in  order  to  synchronize  properly.  A  time  error  of  less  than  15  minutes  will  be 
resolved  by  the  "Q"  number  from  the  satellite  message. 
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Sensitivity  of  Satellite  Fix  to  a  One-Knot  Velocity  North  Estimate  Error 
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beiruTthe*  polar’  axis  "(mean  "pole  of  1900-1905  or  Conventional  International  Origin)  and  X 
S  in  the  equatorial  plaL  through  the  Greenwich  meridian.  The two  rotation.,  account 
for  the  longitude  of  the  orbit  plane  at  tfc  and  the  inclination  of  the  orbit  with  respect 
to  earth's  equatorial  plane. 
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Figure  52.  Development  and  Relationship  of  Local  and  Global 
Reference  Datums 


orbits  transmitted  from  the  Transit  satellites.  Figure  54,  from  Reference  13,  gives  the 
Molodensky  formulas  most  often  used  to  transform  coordinates  from  one  reference  system  to 
another. 


7.0  CONCLUSION 


This  chapter  has  provided  an  in-depth  review  of  the  Transit  system  from  the 
user's  point  of  view.  Except  for  a  classified  Soviet  system,  Transit  is  the  only  naviga¬ 
tion  satellite  system  available  today.  Furthermore,  because  of  propagation  limitations 
of  the  Omega  system.  Transit  is  the  only  system  which  provides  truly  worldwide  coverage. 
This  situation  will  continue  until  at  least  1985,  or  later,  when  NAVSTAR,  the  Global 
Positioning  System,  is  expected  to  become  operational.  As  proposed  by  the  Office  of 
Telecommunications  Policy  (Reference  12),  a  ten-year  overlap  period  from  the  time  NAVSTAR 
becomes  operational  will  allow  users  to  depreciate  Transit  equipment  before  having  to 
purchase  NAVSTAR  equipment.  The  ten-year  overlap  also  will  give  time  for  NAVSTAR  manu¬ 
facturers  to  develop,  improve,  and  produce  a  sufficient  range  of  equipment  to  serve  the 
many  expected  applications  (Reference  23).  Thus,  we  feel  certain  that  Transit  will  con¬ 
tinue  to  provide  its  most  useful  service  until  at  least  1995. 


We  have  shown  that  Transit  is  an  extremely  reliable  system  in  delivering  accu¬ 
rate  position  fixes  to  its  users.  The  reliability  is  based  on  many  factors.  Signals  are 
provided  on  a  direct,  line-of-sight  basis  from  the  satellite  to  the  user,  avoiding  the 
propagation  problems  that  plague  earth-based  transmitters.  The  Navy  Astronautics  Group 
has  established  a  remarkable  record  for  maintaining  a  reliable  message  in  each  satellite 
memory.  The  satellites  themselves  are  extremely  reliable,  with  three  which  are  operating 
extremely  well  after  more  than  ten  years  of  service.  The  twelve  spacecraft  in  storage 
assure  that  the  system  can  be  maintained  in  service  for  many  years,  even  when  the  present 
satellites  cease  to  function. 
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Figure  53.  Datum  Shift  Constants 

We  have  looked  at  the  amazing  breadth  of  Transit  system  applications,  ranging 
from  use  aboard  fishing  boats  to  military  submarines.  If  the  user  population  growth 
trend  continues,  there  will  be  more  than  10,000  Transit  system  users  by  the  early  1980's. 
Complementing  the  growth  in  applications  and  in  the  number  of  users  is  development  of  a 
new  generation  of  Transit  satellite  called  NOVA.  Thus,  there  are  many  signs  that  the 
system  is  growing  and  fulfilling  vital  needs  around  the  world. 

Finally,  this  chapter  has  described  both  the  theory  of  Transit  satellite  navi¬ 
gation  and  the  factors  which  affect  accuracy  performance.  This  has  included  a  definition 
of  the  orbit  message  parameters,  the  meaning  of  the  Doppler  counts,  and  a  review  of  the 
position  fix  concept.  The  inherent  system  accuracy  was  described,  and  sensitivity  curves 
were  given  for  external  factors  which  affect  position  fix  accuracy. 

The  primary  objective  of  this  chapter  has  been  to  provide  an  extensive  and 
detailed  review  of  the  Transit  system  today.  A  fascinating  story  has  emerged.  The  sys¬ 
tem  was  developed  almost  exclusively  to  guide  Polaris  submarines,  and  it  continues  to 
serve  this  purpose  extremely  well.  However,  the  U.S.  Government  also  released  the  system 
for  commercial  use,  and  on  their  own  initiative  manufacturers  around  the  world  began  to 
produce  Transit  navigation  equipment.  A  wide  variety  of  users  are  now  experiencing  the 
advantages  of  accurate,  worldwide,  all-weather  navigation.  The  momentum  of  use  continues 
to  build,  and  Transit  is  destined  to  play  a  vital  role  in  the  world  navigation  scene  for 
another  decade  or  two. 
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Figure  54.  Datum  Shift  Equations  (From  References  8  and  13) 
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SUMMARY 

The  development  of  stable  RF  oscillators  in  the  two  post  World  War  II  decades  was 
essential  to  the  design  of  passive  ranging  navigation  systems.  Early  involvement  of 
the  Li  S.  Naval  Research  Laboratory  in  this  method  of  time  synchronized  navigation  is 
outlined.  The  first  NRL  satellite  used  to  validate  the  concept  was  launched  in  1967. 
Both  it  and  the  second  satellite  used  quartz  crystal  oscillators.  The  two  following 
satellites  use  rubidium  and  cesium  standards  respectively. 

The  lessons  learned  from  the  early  satellites  are  summarized,  and  the  merger  of 
TIMATION  into  the  NAVSTAR  Global  Positioning  System  Program  is  described.  Selected 
experimental  results  from  NTS-1  and  2  are  analyzed  and  the  plans  for  NTS -3  are  outlined. 


I . 0  INTRODUCTION 
l . I  Early  Background 

The  technology  base  for  the  original  Timation  experiments  was  developed  at  the 
Naval  Research  Laboratory  during  the  late  1950s  in  the  search  for  a  pract;cal  method  of 
tracking  the  early  U.  S.  space  satellites.  The  Mini  track  network  as  it  was  called, 
used  RE  interferometry  requiring  highly  stable  frequencies  as  its  tracking  parameter 
\ind  this  technique  led  to  the  idea  of  position  fixing  using  synchronized  frequency 
standards  to  measure  the  range  from  satellite  to  observer.  Distance  measurement  by 
time  synchronization  was  further  explored  during  the  development  of  the  Navy's  Space 
Surveillance  System  (WS-434)  in  1958-64  usinq  early  cesium  standards.  Thus  the  anagram 
TIMe  navigATION  was  born  and  the  concept  took  shape,  as  the  atomic  clock  technology 
necessary  to  support  such  a  navigation  system  developed  during  the  1960s  and  early  70s. 
The  navigation  satellite  clock  development  program  is  described  in  this  NATO  AGARDOGRAPH 
by'  C.  A.  Bartholomew  in  his  article  entitled  "Evolution  of  Frequency'  Standards".  The 
NRL  TIMATION  project  began  with  a  task  from  the  Bureau  of  Naval  Weapons  in  September 
1964.  ‘his  work  i s  currently  sponsored  by  the  Naval  Electronics  Systems  Command 
(  PME-106) 

1  .  2  The  TIMA  IV10_N_  Navigation  Co\ icept 

The  basic  method  of  position  fixing  by  means  of  man-made  satellites  is  as  old  as 
the  science  of  celestial  navigation  except  for  one  minor  particular.  In  the  case  of 
star  navigation,  the  distances  are  not  known  but  the  angles  may  be  calculated  in 
accordance  with  the  laws  of  Newton  and  Kepler  so  that  they'  can  be  predicted  in  advance 
and  reduced  to  tabular  form  for  use  in  calculating  1 ines-of-position .  In  the  case  or 
satellite  navigation,  distances  are  known  and  are  used  as  the  basis  for  solving  the 
navigation  equation.  On  figure  1  we  see  the  basic  navigation  triangle.  The  height  of 
the  satellite  above  the  earth's  center  is  determined  within  a  few  meters.  The  earl  's 
radius  is  also  known  ami  the  range  from  the  observer  to  the  satellite  is  measured 
electronically.  Since  the  other  sides  of  the  t i tangle  ai<  known,  the  ran  e  line  serves 
to  describe  a  l ine-of-posi t i on  on  the  surface  of  the  earth  upon  which  th<  observer  n  st 
be  located.  Two  such  1 i nes-of-posit ion  determine  a  two  dimensional  fix  Three  are 
needed  to  determine  a  position  plus  an  altitude  in  the  case  ot  an  aircraft.  Additional 
lines  ot  position,  if  more  than  three  satellites  are  available,  can  be  used  to  provide 
more  accuracy  or  to  measure  time. 

The  next  two  figures  show  the  method  ot  determining  a  tix  based  on  1  i.nes-ot -pos  i  t  i  on 
from  satellites.  With  modern  computer  technology,  this  can  all  be  done  automat ically 
so  that  the  aircraft  pilot  or  ship's  captain  can  read  his  posit  ion  continuously  t rorn  a 
dial.  The  second  graph  shows  the  effect  of  a  timing  error  which  results  in  the 
equivalent  of  a  "larqe  triangle"  in  conventional  navigation  terminology. 

Figure  4  shows  the  basic  Timat ion  geometry  as  seen  t torn  a  ship.  Precise  ranges 
are  measured  from  two  or  more  satellites  to  determine  a  t\x.  To  make  use  of  this  form 
of  naviqat ion,  accurate  orbits  must  be  known  tor  the  satellite,  precise  clocks  must  be 
available  and  the  clocks  in  the  satellites  must  be  synchron i zed  with  the  clock  ot  the 

observer . 

2 . 0  TIMATION  I 

2  .  I  Pescri pt ion 

The  first  satellite  experiment  to  demonstrate  the  validity  ot  this  passive  i ang i nq 
technique  was  launched  into  a  500  mile  high  orbit  on  May  1 1 ,  I9t>7.  rt  weighed  85  lbs. 


produced  6  watts  of  electrical  power,  and  contained  a  quartz  clock  capable  of  main¬ 
taining  its  stability  within  3  parts  10^1  (A f/f)  per  day.  The  satellite,  ready  for 
launch,  is  shown  in  figure  5.  Figure  6  shows  an  artist's  conception  of  the  satellite 
with  the  gravity  gradient  boom  and  solar  panels  extended. 

2 . 2  Timation  I  Experiments 

During  June  1967,  this  TIMATION  I  satellite  demonstrated  that  lines  of  position 
could  be  determined  from  ranging  satellites  and  fixes  from  a  single  satellite  could  be 
obtained  using  range  and  doppler  measurements.  Figure  7  shows  a  Timation  I  fix  for  a 
ship  taken  on  May  15,  1968.  The  fix  and  the  charted  position  disagreed  by  0.2  NM 
Figure  8  shows  a  Timation  I  position  of  an  aircraft  which  differed  by  0.3  NM  from  the 
actual  track.  Timation  I  was  also  used  to  transfer  time  between  the  Laboratory  and 
Ft.  Collins,  Colorado;  Crane,  Indiana;  and  Sanford,  Florida.  The  accuracy  of  these 
time  transfers  was  consistantly  below  1  microsecond. 

Timation  I  results  displayed  significant  errors  from  two  sources;  solar  radiation 
and  ionospheric  refraction.  Initially  it  was  suspected  that  electrons  produced  most  of 
the  errors  produced  by  the  ambient  radiation  environment.  For  this  reason,  Timation 
II1 s  crystal  oscillators  were  surrounded  by  1/8“  lead  shield. 

3.0  TIMATION  II 

3 . 1  Description 

The  second  Timation  was  launched  into  a  500  mile  orbit  on  September  30,  1969.  It  .. 
also  contained  a  quartz  oscillator,  however  the  stability  was  better,  about  1  part  in  101 
It  weighed  125  lbs  and  produced  three  times  the  power  of  Timation  I.  Figure  9  shows 
the  TIMATION  II  Thor  Agena  resting  on  its  pad  ready  for  launch.  This  satellite  was  also 
launched  on  a  vehicle  carrying  a  high  priority  military  payload.  The  external  appearance 
of  the  satellite  was  similar  to  that  of  TIMATION  I. 

3 . 2  proton/ionospheric  Effects 

A  large  frequency  shift  in  the  Timation  II  clocks  was  observed  during  the  early 
part  of  August  1972  and  this  coincided  with  a  solar  proton  storm.  From  this  happy 
accident  it  was  determined  that  protons  instead  of  electrons  were  the  major  cause  of 
quartz  clock  frequency  shifts.  This  phenomenon  is  shown  in  figure  10. 

Ionospheric  effects  were  investigated  with  Timation  II  by  using  dual  frequency 
coherent  transmissions  from  the  satellite.  This  allowed  measurement  of  the  ionospheric 
delay  and,  of  considerable  scientific  interest,  displayed  its  fine  structure  as  the 
satellite  passed  over  the  observer. 

Figure  11  shows  a  block  diagram  of  the  equipment  used  to  determine  the  ionospheric 
scintillations  with  TIMATION  II  and  figure  12  shows  a  comparison  of  delays  derived  from 
measurements  of  the  electron  content  and  those  achieved  from  TIMATION  II  range  measure¬ 
ments.  From  these  and  other  data  it  was  determined  that  the  ionosphere  can  have 
appreciable  irregularities  and  can  vary  tremendously  in  total  ionospheric  content  over 
a  few  days  time. 

3 . 3  Navigation  Experiments 

Several  techniques  were  used  in  making  navigation  fixes.  One  can  obtain  several 
range  lines  of  position,  advance  them  to  the  same  time  and  thereby  obtain  a  fix.  One 
can  dc  the  same  with  doppler  or  use  a  combination  of  a  range  and  doppler  to  obtain 
nearly  instantaneous  fixes  from  a  single  satellite.  The  major  problem  with  doppler 
arises  from  the  fact  that  it  is  sensitive  to  the  user's  velocity.  Only  for  a  user  who 
knows  his  velocity  accurately  (or  keeps  it  constant  for  several  measurements)  is  the 
doppler  measurement  method  a  practical  one. 

other  parameters  that  were  measured  with  Timation  II  were  position  accuracy  as  a 
function  of  maximum  modulation  frequency  and  ionospheric  correction. 

Figure  13  shows  the  accuracy  of  fixes  determined  by  Timation  II  as  a  function  of 
maximum  modulat  ion  frequen  cy  read  out  at  two  stations.  It  shows  that  there  is  but  a 
slight  difference  in  the  results  from  a  quiet  station  (Ft.  Valley)  and  a  noisy  station 
(Chesapeake  Pay  or  CBD) .  This  graph  also  illustrates  that  the  resolution  level  was 
still  limiting  the  system  accuracy. 

Another  comparison  was  also  made  -  that  of  a  single  (400  MHz)  frequency  versus  a 
dual  frequency  observation.  Figure  14  shows  this  comparison  for  three  cases.  The  best 
accuracy  was  obtained  with  the  dual  frequency  in  which  the  effect  of  the  ionosphere  was 
measured  and  removed.  Second  best  was  the  modeled  ionosphere  and  poorest  was  the 
single  frequency  which  shows  an  error  of  approximately  1  microsecond.  For  the  sinqle 
frequency  case  it  was  apparent  chat  there  is  no  accuracy  improvement  an  one  goes  from 
the  300  KHz  to  the  1  MHz  modulation.  The  reason  is  that  for  this  case  the  accuracy  was 
limited  by  the  ionosphere  -  not  by  the  resolution. 

In  addition  to  measuring  range  lines  of  position  it  was  possible  to  measure  range 
rate  or  doppler  lines  of  position  with  Timation  IT.  Figure  1  r>  shows  both  range  and 


range-range  rate  fixes.  The  range-range  rate  fix  is  made  from  a  single  range*  LOP  and  a 
single  range  rate  I,OP  while  the  range  only  fix  uses  a  complete*  satellite  pass  during 
which  10  LOPs  were  obtained.  As  one  might  suspect,  the  range  only  fixes  demonstrated 
better  accuracy  than  the*  range-range  rate  fixes. 

4 . 0  NAVIGATION  TECHNOLOGY  SATKLLITK  1 

4 . 1  Pescr ipt ion 

The  final  satellite*  in  the  Timat  ion  series  was  launched  on  the*  14th  of  July  l4>74, 
after  the  prog  ram  had  been  merged  with  the  Air  Force  621B  proiect  to  form  the  NAVSTAR 
Global  Positioning  System  (GPS).  This  spacecraft  was  renamed  Navigation  Technology 
Satellite*  One  (NTS-l)  and  became  the*  first  of  a  new  series  of  satellites  launched  by 
NRI.  to  provide  technical  support  for  the  GPS  Joint  Service  Proiect  Office.  Figure  lb 
shows  the  configuration  of  NTS-l.  The  executive  service  for  the*  GPS  program  is  the 
U.  S.  Air  Force. 

4 . 2  NTS- 1  Kxper iment  s 

Numerous  changes  were  introduced  in  Timat ion  IIl/NTS-l  as  a  result  of  lessons 
learned  from  the  earlier  Timat ions.  An  altitude  of  7, 500  NM  was  selected  to  reduce 
errors  due  to  atmospheric  drag  and  more  nearly  reflect  the  environment  of  operational 
satellites  which  would  be  at  even  higher  altitudes.  The  weight  was  increased  to  650  lbs 
and  the  power  to  125  watts.  In  addition  to  the  U11F  frequencies  of  the  earlier  satellites, 
an  L-band  Pseudo  Random  Noise  (PRN)  signal  at  the  same  frequency  as  that  of  the  oper¬ 
ational  GPS  satellites  was  added.  Perhaps  the  most  significant  change  was  the  addition 
of  two  rubidium  clocks.  These  had  become  available  about  eight  months  prior  to  the 
launch  date  and  were  readied  for  operation  in  space  by  an  intensive  effort.  The  ^ 

rubidiums  performed  well  in  NTS-l,  demonstrating  a  stability  of  about  one  part  in  10 
per  day.  As  a  result,  they  are  to  be  used  as  the  primary  standards  in  the  early 
Navigation  Development  Satellites  (NDS)  built  by  Rockwell  International. 

In  addition  to  its  clocks  NTS-l  contained  a  number  of  other  experiments^  all 
tailored  to  meet  requirements  of  the  GPS.  It  space  qualified  solar  cells  which  should 
increase  the  power  and  reliability  of  future  navigation  satellites. 

5  .  0  TUK  NTS -2  SATFLI.  ITK 

NTS-2  was  the  first  satellite  completely  designed  and  built  under  the  sponsorship 
of  the  NAVSTAR  GPS  program.  The  altitude  selected  was  10,OB0  NM,  chosen  because  it 
coincided  with  the  semi-synchronous  heighth  planned  for  the  operational  GPS  satellites. 
Instead  ol  rubidium,  NTS-2  contained  two  cesium  clocks,  designed  and  built  by  Frequency 
and  Time  Systems,  Inc.  and  the  frequency  stability  consequently  increased  to  1-2  parts 
' n  l  ill  3  per  day.  In  addition,  NTS-2  contains  a  duplicate  of  the  navigation  system 
planned  for  use  in  the  NDS  satellites.  Both  the  navigation  system  and  tie  clocks  have 
performed  excellently  in  NTS  -2,  and  data  is  now  being  accumulated  for  use  in  the 
operational  satellites  and  to  checkout  the  ground  stations.  Figure  17  shows  NTS-2  and 
c  major  objectives  planned  for  this  experiment. 

•  .0  THK  NTS -3  SATF.LL  I'TK 

Looking  into  lh<  future,  an  NTS-2  is  planned  for  launch  in  198L.  This  satellite 
wi  1  contain  both  hydrogen  maser  and  an  advanced  cesium  clock.  The  clock  stability 
.•  expo,  led  to  '»e  a  order  oi  magnitude  better  than  that  of  NTS-2.  and  the  power  will 
bo  in.  i*o.i sod  to  l 50  watts.  N  will  also  fly  other  advanced  technology  experiments 

o  qi.  ilify  new  coraponon'  •;  tor  later  operational  use. 
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SUMMARY 

The  NAVSTAR/Global  Positioning  System  (GPS)  will  provide  extremely  accurate  three-dimensional  posi¬ 
tion  and  velocity  information  to  users  anywhere  in  the  world.  The  position  determinations  are  based  on 
the  measurement  of  the  transit  time  of  RF  signals  from  four  satellites  of  a  total  constellation  of  24. 
Accuracies  on  the  order  of  10  meters  may  be  anticipated.  This  paper  discusses  the  basic  technique  by 
which  the  system  operates,  the  navigation  signal,  the  measurement  of  the  transit  time,  error  sources, 
accuracies,  and  other  characteristics  of  the  system. 


INTRODUCTION 

The  baseline  constellation  of  24  satellites  operates  in  12-hour  orbits  at  an  altitude  of  20,183  km 
(10.898  nmi) .  It  will  provide  visibility  of  6  to  11  satellites  at  5  degrees  or  more  above  the  horizon 
to  users  located  anywhere  in  the  world  at  any  time.  Signals  are  transmitted  at  two  L-band  frequencies 
(1227  and  1575  MHz)  to  permit  corrections  to  be  made  for  ionospheric  delays  in  signal  propagation  time. 
The  signals  are  modulated  with  two  codes:  P,  which  provides  for  precision  measurement  of  time,  and  C/A, 
which  provides  for  easy  lock-on  to  the  desired  signal.  The  satellites  employ  a  shaped-beam  antenna  that 
radiates  near-uniform  power  to  system  users  of  at  least  -163  dBW  for  the  L^  P-code  and  -160  dBW  for  the 
Li  C/A  code.  The  corresponding  L2  power  level  carrying  only  thi  P-code  is  at  least  -166  dBW.  Navigation 
fixes  can  be  made  in  a  time  interval  of  from  tens  of  seconds  to  several  minutes,  depending  on  the  sophis¬ 
tication  of  the  receiving  system. 

NAVIGATION  TECHNIQUE 


Four  satellites  are  normally  required  for  navigation  purposes,  and  the  four  offering  the  best  geometry 
can  be  selected  manually  or  automatically  by  receivers  using  ephemeris  information  transmitted  by  the 
satellites.  Ranges  to  the  four  satellites  are  determined  bv  scaling  the  signal  transit  time  by  the  speed 
of  light.  The  transmitted  message  contains  ephemeris  parameters  that  enable  the  user  to  calculate  the 
position  of  each  satellite  at  the  time  of  transmission  of  the  signal. 


Operation  of  the  system  requires  precise  synchronization  of  space  vehicle  (SV)  clocks  with  "GPS  system 
time,"  which  is  accomplished  by  the  use  of  an  atomic  frequency  standard  in  each  space  vehicle  and  use  of 
clock  correction  parameters  that  are  provided  by  the  Control  Segment.  The  requirement  for  users  to  be 
equipped  with  precision  clocks  is  eliminated  by  the  use  of  range  measurements  from  four  satellites.  If 
users  maintained  precision  clocks  synchronized  with  GPS  svstem  time,  navigation  could  be  accomplished  with 
only  three  satellites.  In  that  case,  the  user  could  be  thought  of  as  being  at  the  intersection  of  three 
spheres,  with  centers  located  at  the  satellites.  The  fourth  satellite  permits  an  estimate  of  the  user's 
clock  error.  In  this  case,  the  user  position  equations  contain  four  unknowns  consisting  of  position  in 
three  dimensions  and  the  error,  or  fixed  bias,  in  the  user's  imprecise  clock,  which  can  be  solved  by  simul¬ 
taneous  solution  of  the  four  equations.  A  discussion  of  the  solution  follows.  A  mathematical  derivation  is 
included  in  the  last  section  of  the  paper. 


The  measurement  of  range  to  the  satellites,  made  by  the 
"Pseudo-range'  because  it  contains  a  bias  of  fixed  magnitude 


user  with  an  imprecise 
in  each  range  estimate 


clock, 
due  to 


is  called 

the  clock  error. 


The  pseudo-range  is  defined  as 


Ri  -  *i  +  CAtAl  +  C  <AVAtSi> 

where 

i  -  pseudo-range  to  the  satellite 

R^  -  true  range 

C  ■  the  speed  of  light 

\t«.^  -  satellite  i  clock  offset  from  GPS  s  stem  time 

\t  •  user  clock  offset  from  GPS  svstem  time 
u 

-  propagation  delavs  and  other  errors 

Pseudo-range  is  Illustrated  in  Figure  1. 

*  Appreciation  Is  expressed  to  Mr.  Edward  M.  Lassiter, of  Aerospace  Corporation,  who  provided  source  material 
for  this  paper,  and  to  Mr.  Paul  S,  Jorgensen, also  of  Aerospace  Corporation,  from  whose  work  som.'  of  the 
material  has  been  drawn. 


4-2 


The  GPS  user  measures  the  apparent  (pseudo-range)  transit  time  bv  measuring  the  phase  shift  of 
identical  pseudo-random  noise  (PRN)  codes  that  are  generated  in  both  the  space  vehicle  and  the  user  re¬ 
ceiver,  each  synchronized  with  its  own  clock.  The  receiver  code  is  shifted  until  maximum  correlation  is 
achieved  between  the  two  codes:  the  time  magnitude  of  the  shift  is  the  receiver's  measure  of  pseudo-range 
time . 


The  concept  of  finding  a  user  position  based  on  the  removal  of  the  fixed  range  bias  from  each  range 
estimate  is  illustrated  in  a  two-dimensional  situation  with  three  satellites  in  Figure  2.  The  figure 
illustrates  that  the  pseudo-range  radii  from  the  three  satellites  do  not  meet  at  a  point  but  enclose  the 
shaded  triangular  area.  However,  a  range  value  of  fixed  magnitude  (AtuC)  can  always  be  found  that  when 
removed  from  the  pseudo  ranges  (or  added,  as  the  case  mnv  be)  will  cause  the  radii  to  meet  at  a  point, 
which  is  the  user  position.  The  value  of  At UC  represents  the  range  equivalent  of  the  user  clock  orror. 

If  other  errors  (of  unequal  magnitude)  exist  in  the  pseudo  ranges,  which  we  will  call  independent  errors, 
a  value  of  fixed  magnitude  can  still  nlwav9  be  found  that  when  removed  from  the  pseudo-ranges  will  cause 
the  radii  to  meet  at  a  point.  In  this  case,  the  point  is  an  estimate  of  the  user  position  that  differs 
from  the  true  user  position  bv  an  error  that  is  a  function  of  the  independent  range  errors.  Similarly, 
the  fixed  magnitude  that  is  removed  then  provides  an  estimate  of  the  eauivalent  user  clock  error,  which 
differs  from  the  true  user  clock  error  bv  an  amount  that  is  also  a  function  of  the  independent  errors. 

The  illustration  in  Figure  2  represents  only  a  two-dimensional  situation  In  which  the  three  satellites  and 
user  all  lie  in  the  same  plane.  However,  the  same  statements  and  logic  applv  in  a  three-dimensional  situa¬ 
tion  when  ranges  to  four  satellites  are  used. 

GPS  TIME  STANDAKD 

In  terms  of  navigation  accuracy,  one  nanosecond  of  time  error  is  equivalent  to  approximately  0.3 
meters  (0.984  ft)  of  range  error  so  that  precision  timing  and  frequency  control  are  essential  to  the  GPS 
system.  All  system  timing  requirements  are  synchronized  with  GPS  system  time,  which  is  maintained  bv  the 
Master  Control  Station  (MCS)  through  the  use  of  a  set  of  highly  accurate  cesium  clocks.  Precision  timing 
is  maintained  in  the  space  vehicles  by  the  use  of  a  highly  stable  atomic  clock  in  each  vehicle  vi th  a  known 
or  predictable  offset  from  GPS  svstem  time.  The  MCS  monitors  the  SV  time  standards  daily  with  reference  to 
GPS  system  time  and  generates  clock  correction  parameters  for  transmission  to  the  space  vehicles  where  thev 
are  retransmitted  to  users  with  the  navigation  signals  and  used  to  determine  the  precise  magnitude  of  the 
clock  offsets. 


GPS  system  time  necessarily  differs  from  UTC  (Universal  Coordinated  Time),  which  must  be  adjusted  for 
leap  seconds  at  periodic  end-of-vear  intervals.  Such  adjustments  in  GPS  time  would  disrupt  the  continuous 
availability  of  the  space  vehicles  for  navigation  purposes.  Knowledge  of  the  difference  between  GPS  svstem 
time  and  UTC  is  maintained  within  100  microseconds,  however,  and  the  difference  is  published  regularly  for 
the  benefit  of  users  interested  in  the  use  of  GPS  as  a  time  standard.  Time  users  with  known  positions  and 
highly  stable  frequency  standards  can  determine  GPS  time  bv  the  use  of  signals  from  onlv  one  space  vehicle. 
Accuracies  can  be  on  the  order  of  15  to  20  nanoseconds. 


The  space  vehicle  clock  frequency  is  nominally  10.23  MHz,  which  is  offset  slightly  to  a  center  fre¬ 
quency  of  10.22999999545  MHz  to  allow  for  relativity  effects.  Its  maximum  allowable  uncertainty  is  one  part 
in  1012  per  day.  The  MCS  has  the  capability  of  adjusting  both  the  clock  time  phase  and  frequency.  If 
required.  The  phase  can  he  adjusted  to  a  resoltuion  of  one  chip  (v98  nanoseconds).  The  frequency  can  be 
set  in  steps  no  smaller  than  4  x  lO"^  delta  f /f  over  a  range  of  +2  parts  in  10$  around  the  center  frequency. 
Upload  of  clock  correction  parameters  into  the  space  vehicles  and  adjustment  of  the  clocks  is  accomplished 
bv  uplink  commands.  The  pseudo-random  noise  codes,  which  are  synchronized  with  space  vehicle  time,  are 
maintained  within  976  microseconds  of  GPS  svstem  time  in  order  to  preclude  secondary  control  problems  such 


as  almanac  word-length  limitation  that  would  otherwise 

All  frequencies  in  the  space  vehicle  are  derived 
10.23  MHz  SV  frequency  standard.  These  include. 


P-code:  Reset 

Frequency 

C/A  code:  Epoch 

Fi equenev 

XI  Epoch  (Z-count  change) 
HOW  (handover-word)  change 
Data  bit  stream  frequency 
Lj  RF  frequency 
L ,  RF  frequency 

S IGNAT  STRUCTURE  ANV  THE  MEASUREMENT  OF  TIME 


arise. 

rotn,  and  synchronized  with,  integrals  of  the  basic 

Repeat  Interval  or  Frequency 

7  days 
10.23  MHz 

.1  millisecond 
1.023  MHz 

1.5  seconds 
6  seconds 
50  bps 

154  x  10.23  -  1575.42  MHz 
120  x  10.23  -  1227.6  MU.- 


The.  navigation  signal  transmitted  from  the  space  vehicles  consists  of  two  RF  treqnencies,  Lj  at 
1573.42  MHz  and  Lo  at  1227.6  MHz.  The  signal  is  modul  ited  with  both  the  P  and  the  C/A  pseudo-random 
noise  codes  in  phase  quadrature.  Tin*  1,2  signal  is  modulated  with  the  f'  code.  Both  the  1.^  and  !•; 
signals  are  also  continuously  modulated  with  the  navigation  dnta-blt  stream  at  30  bps.  .he  functions  o? 
the  codes  are  twofold:  (i)  ideni ification  of  space  vehicles,  as  the  code  patterns  are  unique  te  each 
space  vehicle  and  are  mat  died  with  like  codes  generated  in  the  user  receiver,  and  (2)  the  measurement  of 
the  navigation  signal  transit  time  by  measuring  the  phase  shift  required  it'  match  the  -odes.  The  P  -ode 
is  a  long  precision  code  operating  at  10.23  Mbps  but  diffieu.lt:  to  acquire.  The  r  \  iclea:  access)  code 
is  8  short  code,  rcadilv  acquired,  but  operating  at  1.023  Mbps,  which  provides  grosser  measurement  of 
time.  The  C/A  code  i*2  normally  acquired  first  and  a  transfer  ip  made  t  t  ic  P-code  bv  the  use  of  the  hand¬ 
over  word  (HOW)  contained  In  the  navigation  lata  stream  tsee  the  Navigation  Message).  It  is  possible, 
however,  for  users  with  precision  clocks  precisely  synchronized  with.  GPS  time  and  l  <  approximate  know¬ 
ledge  of  their  position  (10,000  ft  70.000  ft)  to  bypass  the  C/A  code  and  acquit e  tie-  P-code  directlv. 


The  P-code  generated  in  each  space  vehicle  is  a  pseudo-random  noise  chip  sequence  of  seven  davs  in 
length. (D  That  is,  the  pattern  repeats  only  once  very  seven  days.  The  code  is  initialized  at  midnight 
each  Saturday.  GPS  system  time  is  counted  from  the  initialization  of  the  P-code  each  week.  Counting  is 
accomplished  by  a  count  of  the  epochs  (recurrences  of  the  initial  state)  of  a  subsidiarv  code  generator 
designated  XI,  used  in  the  generation  of  the  P-code,  that  occur  every  1.5  seconds.  The  count  of  the  XI 
epochs,  termed  Z,  rises  to  403,199  at  the  end  of  each  week,  when  it  is  reinitialized  at  zero.  The  svstem 
time  of  the  week  is  transmitted  to  users  everv  six  seconds  in  the  form  of  the  handover  word,  HOW. 

In  order  for  the  ground  receiver  to  lock  onto  the  P-code,  it  must  know  approximately  what  time-slice 
in  the  seven-day  code  to  search  At  typical  receiver  search  rates,  on  the  order  of  50  bits  per  second, 
the  time  required  to  search  as  much  as  one  second  of  the  seven-day  P-code  would  require  many  hour** .  It  is 
therefore  necessary  to  resort  to  the  C/A  code  for  initial  code  match  and  lock-on. 

The  C/A  code  is  a  pseudo-random  noise  chip  stream  unique  in  pattern  to  each  space  vehicle  that  repeats 
every  millisecond.  It  is  relatively  easy  for  the  receiver  to  match  and  lock  onto  the  C/A  code  because  the 
search  is  limited  to  the  time  interval  of  one  millisecond  and  the  chip  rate  is  only  one-tenth  that  of  the 
P-code.  After  lock-on  to  the  C/A  code,  the  transfer  to  the  P-code  is  facilitated  by  the  HOW  word.  Its 
change,  which  is  synchronized  with  the  P-code,  indicates  the  point  in  the  incoming  P-code  that  will  occur 
at  the  next  change,  i.e.  ,  within  the  next  six  seconds.  The  receiver-generated  P-code  is  shifted  in  phase 
to  synchronize  with  the  designated  point  in  the  incoming  P-code  when  triggered  by  the  change  in  the  HOW. 

The  total  phase-shift  required  for  lock-on  is  the  measured  pseudo-range  time,  including  the  offset  in  the 
user  clock  as  well  as  the  propagation  delays  and  svstem  errors.  The  P-code  frequency  affords  the  degree  of 
accuracy  required  for  the  measurement  of  signal  transit  time  that  the  C/A  code  frequency  could  not.  Use  of 
the  P-code  also  avoids  ambiguity  in  the  C/A  code  epoch,  which  repeats  even.’  millisecond,  if  the  user  clock 
offset  exceeds  this  amount. 

THE  NAVIGATION  MESSAGE 

The  navigation  message  contains  the  data  that  the  user's  receiver  requires  to  perform  the  operations 
and  computations  for  successful  navigation  with  the  GPS.  The  data  include  information  on  the  status  of  the 
space  vehicle:  the  time  synchronization  information  fer  the  transfer  from  the  C/A  to  the  P-code;  and  the 
parameters  for  computing  the  clock  correction,  the  ephemeris  of  the  space  vehicle  and  the  corrections  for 
delays  in  the  propagation  of  the  signal  through  the  atmosphere.  In  addition,  it  contains  almanac  infor¬ 
mation  that  defines  the  approximate  ephemerides  and  status  of  all  the  other  space  vehicles,  which  is  required 
for  use  in  signal  acquisitions.  The  data  format  also  includes  provisions  for  special  messages. 

The  navigation  message  is  formatted  in  five  subframes  of  six  seconds  in  length,  which  make  up 
a  data  frame  of  30  seconds,  1500  bits  long.  The  data  are  nonreturn-to -zero  (NRZ)  at  50  bps  and  are  common 
to  the  P-  and  C/A  signals  on  both  the  and  channels.  The  format  of  the  data  is  shown  in  Figure  3. 

Each  data  subframe  starts  with  a  telemetry  word  (TIM)  and  the  C/A  to  P-code  handover  word  (HOW).  The 
latter  permits  the  C/A  to  P  transfer  to  be  made  at  the  termination  of  any  six-second  subframe.  The  initial 
8  bits  of  the  TLM  contain  a  preamble  that  facilitates  acquiring  the  data  message.  The  balance  of  the  TLM 
contains  information  designed  primarily  for  the  use  of  the  Control  Segment  in  determining  the  accuracy  with 
which  the  daily  update  of  the  space  vehicles  has  been  received  and  utilized  and  is  ordinarily  not  decoded  by 
the  user  receivers.  A  space  vehicle  health-status  word  is  provided  in  the  fifth  subframe  (Data  Block  ill), 
which  indicates  ths  status  of  the  SV  and  permits  the  user  the  option  of  selecting  another  SV.  The  HOW  is 
the  second  word  of  each  subframe  and  occupies  30  bits,  including  parity.  It  starts  with  the  uppermost  sig¬ 
nificant  17  bits  of  the  19-bit  Z-count  word,  which  is  the  running  indicator  of  time  in  the  space  vehicle. 

The  Z-count  changes  every  1.5  seconds:  the  HOW  everv  6  seconds.  Bit  number  18  is  used  to  indicate  when  a 
roll-momentum  dump  has  occurred  since  the  last  upload.  Momentum  dumps  have  some  affect  on  the  ephemeris 
accuracy  and  this  information  provides  the  option  for  a  sophisticated  user  to  select  a  new  SV.  Rit  19  of 
the  HOW  is  significant  in  that  it  indicates  whether  or  not  the  leading  edge  of  the  TLM  word  is  in  svnehro- 
nization  with  the  XI  epoch  that  is  required  for  a  successful  transfer  from  the  C/A  to  P-code  lock-on. 

Bits  20  through  22  contain  subframe  identification. 

The  remaining  information  in  the  navigation  message  is  provided  by  the  Control  Segment  and  includes 
three  brocks  of  data  plus  a  block  reserved  for  special  messages.  Block  I  data,  which  is  contained  in  sub- 
frame  1,  includes  the  clock  correction  parameters  a0,  a^,  and  a2  and  the  presently  unused  parameters  .iq, 
aj,  02.  03,  6o.  8l,tf2»  and  83  used  in  the  model  for  correction  of  atmospheric  delays  in  propagation  of  the 
signal.  Both  the  clock  correction  parameters  and  the  ephemeris  parameters  that  are  contained  in  Data 
Block  II  are  updated  every  hour.  The  Control  Segment  provides  values  for  each  hour  in  the  24  hours  follow¬ 
ing  update  of  the  SV  and  the  SV  updates  the  navigation  message  each  hour.  Block  I  data  also  include  S  bits 
for  the  parameter  ?Gp,  which  permits  an  approximation  of  the  atmospheric  delay  for  receivers  using  only  the 
Li  signal  and  requiring  less  precision  in  their  navigation.  An  S-bit  word,  age  of  data  (A0DC) ,  indicates 
the  time  since  the  last  navigation  upload  for  the  use  of  more  sophisticated  receivers  who  may  wish  to  select 
a  satellite  with  a  more  recent  update.  The  data  block  includes  two  spare  words  with  24  bits  available  in 
each. 

(l)The  P-code  generated  in  each  space  vehicle  is  actually  a  seven -day -long  phn.se  segment  of  : he  F-code, 
which  has  a  complete  cycle  of  267  days.  The  F-code  is  the  modulo  2  sum  of  the  output  of  two  PKN  cod. 
generators  designated  and  X>.  each  of  which  employs  an  input  from  the  sum  of  the  output  oi  two 
subsidiary  generators.  All  the  space  vehicles  employ  the  same  P-code  generator,  with  each  one 
assign* d  and  generating  a  unique  and  mutually  exclusive  seven-dav-long  code-phase  segment  of  the 
day  code.  The  P-code  epoch  (initial  state)  is  made  to  occur  in  each  space  vehic.l-  every  seven  davs 
bv  resetting  the  X|  and  cod.  generators  to  their  initial  states  at  the  end  ol  each  week.  The  P 
signal  gen.  r  itor  in  the  |^1  space  vehicle  is  made  to  generate  Its  unique  ohase  segment  of  the  P-codo 
bv  offsetting  (de laving)  its  X2  generator  J  bits  from  its  initial  state  at  t.»e  time  of  reset.  Tills 
technique  places  each  Xj  registci  in  the  conf iguration  existing  at  the  beginning  of  l's  assigned  seven- 
dav  phase  segment  of  the  P-codo. 
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Data  Block  II,  which  contains  the  ephemeris  prediction  parameters,  covers  Subframes  2  and  3.  This 
block  also  includes  an  age-of-data  word  (AODE)  that  indicates  the  time  of  the  last  measurement  that  was 
used  to  estimate  the  parameters  and  a  spare  14  bits. 

Subframe  4  is  reserved  for  special  messages  which  may  be  included  in  the  data. 

Block  III  data,  which  is  located  in  Subframe  5,  contains  the  "Almanac  data."  These  data  include  in¬ 
formation  on  the  ephemerides,  clock  correction  parameters,  and  atmospheric  delay  parameters  for  the  normal 
complement  of  24  satellites,  plus  one  spare.  The  data  are  a  subset  of  Block  I  and  Block  IX  parameters  with 
reduced  precision  plus  health  and  identification  words  for  the  space  vehicles.  The  data  are  required  to 
facilitate  the  rapid  selection  of  four  space  vehicles  for  use  in  the  navigation  solution.  The  receiver 
uses  the  information  first  to  identify  which  satellites  are  in  view  and  to  solve  the  algorithm  that  indi¬ 
cates  the  four  that  will  provide  the  best  navigation  solution.  The  codes  of  these  four  are  then  generated 
by  the  receiver  for  matching  with  the  corresponding  codes  among  all  the  incoming  signals.  The  almanac  data 
also  permit  computation  of  the  approximate  range  to  each  space  vehicle  and  thereby  facilitate  the  selection 
of  the  correct  time  slice  in  searching  the  codes  for  match. 

The  total  Almanac  data  exceeds  the  capacity  of  the  single  Subframe  5  so  that  it  is  transmitted  on  a 
rotating  page  basis.  The  complete  Almanac  is  contained  in  25  frames.  Sophisticated  receivers  will  main¬ 
tain  almanacs  in  their  data  storage  that  preclude  the  need  to  wait  for  the  transmission  of  the  complete 
Almanac.  The  current  information  in  their  data  storage  is  updated  at  the  time  of  a  GPS  navigation  fix. 
External  almanacs,  maintained  from  published  data,  may  be  used  by  operators  with  unsophisticated  receivers. 

The  user  algorithms  for  computing  ephemeris  position  with  almanac  data  are  essentially  the  same  as  the 
user  algorithms  for  computing  the  precise  ephemeris  from  Block  II  parameters.  The  Block  III  data  include 
the  health  word  for  each  spacecraft  to  permit  U9er  rejection  of  space  vehicles  with  unsatisfactory  opera¬ 
tion. 

ERROR  SOURCES 

Errors  contained  in  the  pseudo-range  measurements  can  be  divided  into  the  categories  listed  in  Table  1. 
Various  corrective  techniques  are  employed  in  the  system  to  reduce  the  magnitude  of  these  errors  in  range 
that  impact  the  estimates  of  user  position.  These  are  discussed  below  with  the  magnitude  of  the  residual 
uncorrected  errors  summarized  in  Table  1.  As  discussed  earlier,  the  range  error  resulting  from  the  user 
clock  bias  is  determined  by  the  solution  of  the  range  equations  so  that  it  does  not  appear  as  an  error  in 
the  ultimate  range  estimate. 


Table  1.  Range  Error  Budget 


UNCORRECTED  ERROR  SOURCE 

USER  EQUIVALENT 

RANGE  ERROR,  10 

Meters 

Feet 

SV  clock  errors 

Ephemeris  errors 

1.5 

5.0* 

Atmospheric  delays 

2.4  -  5.2 

8.0  -  17.0 

Group  delay  (SV  equipment) 

1.0 

3.3 

Multipath 

1.2  -  2.7 

4.0  -  9.0 

Receiver  noise  and  resolution 

Vehicle  dynamics 

1.5 

5.0 

RSS 

3.6  -  6.3 

11.8  -  20.7 

*Two  hours  after  update 

— 

Space  Vehicle  Clock  Errors 

Individual  space  vehicle  clocks,  although  highly  stable,  may  deviate  as  much  ns  976  microseconds  from 
GPS  system  time.  The  offset  is  corrected  by  the  model  used  by  the  receiver  that  employs  the  clock  correc¬ 
tion  coefficients  which  are  transmitted  as  data  in  the  navigation  message.  The  uncorrected  errors  due  to 
cLock  deviation  alone  are  very  6mall  (on  the  order  of  one  foot  of  equivalent  range);  however,  they  are 
indistinguishable  from  certain  components  of  ephemeris  errors  so  that  they  are  combined  with  the  ephemeris 
errors  in  the  error  budget. 
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Atmospheric  Delays 

The  time  delay  of  RF  signals  passing  through  the  ionosphere  is  due  to  a  reduction  in  speed  and  the 
bending  of  the  ray,  both  effects  being  due  to  refraction.  The  overall  delay  in  the  signal  is  nearly 
inversely  proportional  to  the  square  of  the  frequency.  The  transmission  of  the  navigation  signal  at  the 
two  frequencies  (L^  and  L^)  is  provided  so  that  the  magnitude  of  the  delay  can  be  calculated  by  a  com¬ 
parison  of  the  two ^frequencies  and  removed  with  a  satisfactory  degree  of  accuracy.  Forms  of  models  are 
currently  being  evaluated  during  the  Phase  I  program  for  users  of  both  and  and  users  of  L-^  alone. 

These  models  employ  the  correction  parameters  (cu  ^  2  3  and  ^0  12  3^  t'iaC  are  8enerate(*  by  the  MCS  and 
are  uploaded  periodically  in  the  space  vehicles  for*  transmission*^  GPS  users.  Tropospheric  errors  are 
Independent  of  frequency.  They  are  relatively  small  but  can  be  modeled  fairly  simply  by  receivers,  using 
the  elevation  angle  of  the  spacecraft.  The  combined  effect  of  unmodeled  ionospheric  and  tropospheric 
errors  are  estimated  to  result  in  a  SV-to-user  range  error  of  from  2.44  to  5.18  meters  (8  to  17  feet). 

Group  Delay 

Group  delay  is  defined  as  the  delay  resulting  from  uncertainties  caused  by  the  processing  and  passage 
of  the  signal  through  the  SV  equipment.  The  magnitude  of  these  delays  are  calibrated  during  ground  tests 
of  the  equipment.  Corrections  for  the  overall  effect  of  these  delays  are  included  in  the  SV  time  offset 
correction  parameters  aq,  aj,  and  S2»  discussed  above.  The  estimated  allowance  for  uncertainties  in  th-i 
group  delay  is  1  meter  (3.28  feet). 

Ephemeris  Errors 

Satellite  ephemerides  are  determined  by  the  MCS  based  on  monitoring  of  individual  space  vehicle  navi¬ 
gation  signals  by  four  monitoring  stations.  This  operation  results  in  a  sort  of  inverted  range  process 
which  enables  the  MCS  to  calculate  the  position  of  a  space  vehicle  as  if  it  were  the  user  and  the  four 
monitoring  stations  were  the  space  vehicles.  The  ephemeris  determination  is  aided  by  precision  clocks  at 
the  monitoring  stations  and  by  daily  tracking  over  long  periods  of  time  with  optimal  filter  processing. 

The  determination  process  derives  progressively  refined  information  defining  the  gravitational  field 
influencing  the  spacecraft  motion;  solar  pressure  parameters;  and  the  locations,  clock  drifts,  and  signal 
delay  characteristics  of  the  monitoring  stations.  Based  on  this  process,  the  MCS  generates  the  ephemeris 
parameters  that  are  uploaded  in  the  SV  periodically  and  included  in  the  navigation  data  message  where  they 
are  employed  in  the  ephemeris  model  to  calculate  spacecraft  position  at  the  time  of  transmission  of  the 
received  signals. 

The  satellite  position  errors  resulting  from  this  process  are  etill  on  the  order  of  several  meters. 
However,  it  is  the  ranging  errors  that  are  of  primary  significance,  and  the  effect  of  these  is  relatively 
small.  Errors  that  are  common  to  the  four  range  measurements,  for  example,  will  cause  an  apparent  error 
in  the  user’s  clock,  which  tends  to  be  compensated  for  in  calculation  of  the  user  clock  bias.  The 
combined  effects  of  residual  uncertainties  in  SV  clock  offsets  and  ephemeris  determinations  are  estimated 
to  result  in  range  errors  of  about  1.5  meters  (5  feet). 

Multipath 

Multipath  errors  result  from  the  combination  of  data  from  more  than  one  propagation  path  that  distorts 
the  signal  characteristics  from  which  the  range  measurements  are  made.  These  errors  are  dependent  on  the 
nature  and  location  of  reflective  surfaces  peculiar  to  each  user  location.  Aircraft  simulations  have  in¬ 
dicated  these  errors  to  be  relatively  small  and  have  resulted  in  an  error  estimate  of  from  1.2  to  2.7  meters 
(4.0  to  9.0  feet) . 

Receiver  Noise  and  Resolution 

Noise  and  resolution  errors  resulting  from  the  processing  of  signals  by  the  receiver  hardware  and 
software  will  contribute  to  errors  in  the  determination  of  range.  With  high-performance  four-channel 
receivers,  it  is  expected  that  these  errors  will  be  about  1.52  meters  (5  feet). 

Receiver  Vehicle  Dynamics 


User  vehicle  dynamics  will  contribute  to  the  total  ranging  errors.  These  can  be  compensated  for  by 
special  receiver  designs  and  by  Kalman  optimal  processing  of  received  signals,  which  would  be  required, 
for  example,  by  high-speed,  very  low  altitude  aircraft.  The  estimated  error  due  to  receiver  noise  and 
resolution,  above,  is  based  on  nominal  receiver  vehicle  dynamics.  No  allowance  is  made  in  the  overall 
error  budget  for  high  vehicle  dynamics. 

The  overall  SV-to-user  range  uncertainties  due  to  the  combined  error  sources  identified  in  Table  1 
are  estimated  to  be  from  3.6  to  6.3  meters  (12  to  21  feet).  The  uncertainties  in  range  to  the  space 
vehicles  combine  with  the  geometry  of  the  SV  positions  in  their  effect  on  the  accuracy  of  user  position 
estimates . 


SYSTEM  ACCURACY 


Geometric  Dilution  of  Precision  (GDOP) 

The  magnitude  of  the  ranging  errors,  combined  with  the  geometry  of  the  four  selected  satellites,  will 
determine  the  magnitude  of  the  user  position  errors  in  the  GPS  navigation  fix.  The  effect  of  geometry 
is  expressed  by  the  geometric,  dilution  of  precision  (GDOP)  parameters.  The  use  of  GDOP  was  originally 
developed  in  connection  with  LORAN  navigation  systems.  Extended  to  the  GPS  system,  with  fixes  in  three 
dimensions  plus  time,  the  parameters  include  PDOP ,  which  reflects  the  dilution  of  precision  in  position  in 
three  dimensions;  HDOP,  dilution  of  precision  in  the  two  horizontal  dimensions;  VDOP,  dilution  of  precision 
in  the  vertical  dimension;  and  TDOP,  dilution  of  precision  in  time,  i.e.,  in  the  estimate  of  the  range 
equivalent  of  the  user  clock  bias. 
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X 
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to 

Satellite 

Range 

Error, 

la  - 

Radial  erroi  in  user  position 
la,  in  3  dimensions 

HDOP 

X 
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to 
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Error , 
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Radial  error  in  user  position, 
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VDOP 

X 

User 

to 

Satellite 

Range 

Error, 

la  - 

Vertical  error  in  user  position 
lo 

TDOP 

x 

User 

to 

Satellite 

Range 

Error , 

la  « 

Error,  lo,  in  the  range 

equivalent  of  the  user  clock 
offset 


Hence,  small  values  of  the  GDOP  parameters  Indicate  good  arrangements  In  the  geometry  of  the  selected 
satellites  and  correspondingly  small  errors  in  position  and  time  fixes.  Figure  4  gives  the  values  of 
PDOP  for  cumulative  proportions  of  users  evenly  distributed  over  the  globe  and  around  the  clock  who  select 
the  best  four  satellites  from  those  that  are  visible  5  degrees  or  more  above  the  horizon.  The  rms  value 
of  PDOP  is  in  the  neighborhood  of  2.60  which,  when  combined  with  the  range  errors  taken  from  Table  1  of 
from  3.6  to  6.3  meters  (11.8  to  20.7  feet),  gives  user  three-dimensional  position  errors  of  from  9.4  to 
16.4  meters  (31  to  54  feet)  la.  The  horizontal  component  of  the  position  error  reflected  by  HDOP  is  usually 
less.  The  corresponding  rms  value  of  HDOP  is  about  1.45,  which  yields  horizontal  position  errors  of  from 
5.2  to  9.1  meters  (17  to  30  feet)  la.  The  corresponding  rms  value  of  TDOP  is  about  1.2  which,  when  range 
is  converted  to  time,  yields  a  la  time  error  of  from  14  to  25  nanoseconds. 

The  value  of  GDOP  itself  is  a  composite  measure  that  reflects  the  influence  of  satellite  geometry  on 
the  combined  accuracy  of  the  estimate  of  user  time  (user  clock  offset)  and  user  position. 

GDOP  -  V^PDOP)2  +  (TDOP)2 

The  four  "best"  satellites  selected  by  the  user  receivers  are  those  with  the  lowest  GDOP.  A  high  correla¬ 
tion  between  GDOP  and  the  volume  of  the  tetrahedron  formed  by  the  points  of  unit  vectors  from  the  user  to 
the  satellites  has  provided  a  relatively  simple  algorithm  that  can  be  used  bv  receivers  for  the  selection. 

A  derivation  of  GDOP  is  given  below  in  the  section  with  that  heading. 

User  Error  Distribution 


The  GDOP  parameters  are  generally  given  in  terms  of  percentiles,  such  as  the  fiftieth  and  ninetieth 
percentiles,  because  the  values  of  the  GDOP  parameters  are  statistically  distributed  in  a  non-Gaussian 
fashion  that  tends  to  distort  average  or  mean  square  values.  The  lack  of  a  mathematical  expression  for  the 
distribution  of  the  GDOP  parameters,  however,  has  prevented  the  establishment  of  a  mathematical  relation¬ 
ship  between  percentiles  of  GDOP  and  percentiles  of  user  navigation  errors;  i.e.,  there  is  not  a  correspond¬ 
ence  between  the  fiftieth  or  ninetieth  percentile  of  GDOP  parameter  and  the  fiftieth  or  ninetieth  percentile 
of  user  navigation  error. 

Paul  Jorgensen  of  Aerospace  Corporation  has  addressed  the  problem  of  determining  the  distribution  of 
user  navigation  errors  by  conducting  a  Monte  Carlo  simulation  that  has  provided  a  good  approximation. (1) 

The  simulation  was  based  on  a  trial  for  several  thousand  user  observations  evenly  distributed  over  the  globe 
and  in  time,  using  the  NAVSTAR  twenty-four  satellite  baseline  constellation.  Calculated  GDOP  parameters  for 
the  best  four  satellites  in  each  case  were  combined  with  random  selections  from  a  Gaussian  distribution 
representing  pseudo-range  errors  to  calculate  the  user  navigation  and  time  errors.  The  range  errors  were 
normalized  with  zero  expected  means  and  la  values  equal  to  unity.  Their  distribution  can  -justifiably  be 
assumed  to  be  Gaussian  because  they  are  a  composite  of  a  large  number  of  generally  independent  error 
sources.  The  results  have  been  provided  in  the  form  of  normalized  user  error  distribution  parameters. 

When  mean,  rms,  or  percentile  values  of  these  parameters  are  multiplied  by  la  range  errors,  they  yield 
corresponding  values  of  the  user  navigation  error  and  range  equivalent  time  error  distributions.  Values 
of  the  parameters  are  given  in  Table  2,  along  with  corresponding  values  of  the  user  errors  based  on  the 
la  range  error  estimation  of  from  3.6  to  6.3  meters  (11.8  to  20.7  feet)  given  in  Table  1.  Also  shown  are 
the  corresponding  values  of  GDOP  parameters  which  indicate  the  smaller  spread  of  their  distributions. 

Velocity  Measurement  with  NAVSTAR 

Although  the  NAVSTAR  system  is  designed  primarily  for  precision  position  estimates,  it  will  also  pro¬ 
vide  precision  velocity  measurements,  which  will  be  of  interest  to  military  and  other  .lasses  of  users. 

The  velocity  estimates  are  made  by  measuring  the  doppler  shift  in  the  carrier  frequency  of  the  navigation 
signal  from  the  satellites.  Precision  measurements  are  possible  because  of  the  precise  knowledge  of  the 
satellite  ephemerldes  and  because  of  the  short  wavelength  of  the  carrier  frequency ,  which  is  approximately 
19  cm.  In  addition,  the  error  offset  in  the  frequency  of  the  receiver  oscillator  can  be  solved  by  the  use 
of  four  satellites  and  four  range  rate  equations  in  a  manner  analogous  to  the  solution  for  the  user  clock 
of  fsat . 

The  effect  of  satellite  geometry  on  the  relationship  between  range  rate  error  and  user  velocity  errors 
is  completely  analogous  to  that  between  range  errors  and  user  position  errors  so  that  the  GDor  parameters, 
satellite  selection  algoritlim,  and  the  user  navigation  error  parameters  described  above  are  equally  applic¬ 
able  to  the  velocity  measurements. 


(1)  P.S.  Jorgensen,  "Normalized  Accuracy  of  the  NAVSTAR /Global  Positioning  System,'  The  Aerospace 
Corporation,  Report  No.  TOR-0078(3475-10)-2  (28  February  1978). 
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Receiver  dynamics  will  have  a  major  impact  on  the  accuracy  of  velocity  measurement  which  can  be 
attained.  It  is  anticipated  that  other  error  sources  will  be  small.  Receiver  dynamics  can  impact  the 
measurements  both  by  introducing  noise  in  the  phase-lock  tracking  loon  and  by  affecting  the  oscillator 
frequency . 


High  quality  receivers  in  a  benign  environment  with  averaging  intervals  on  the  order  of  a  second  will 
be  able  to  make  user-to-satellite  range  rate  measurements  with  accuracies  of  a  few  hundredths  of  a  foot 
per  second,  lo.  Accurac.es  of  0.061  to  0.15  mps  (0.2  to  0.5  fps)  are  anticipated,  with  high  Quality  re¬ 
ceivers,  in  a  severe  dynamic  environment  with  loadings  up  to  the  order  of  5  g's.  Table  3  gives  the 
estimated  magnitude  of  user  velocity  errors  based  on  range  rate  errors  of  0.015  and  0.061  mps  (0.05  and 
0.2  fps)  using  the  navigation  measurement  error  parameters  described  in  the  foregoing  section. 


Table  3.  World-Wide  User  Velocity  Measurement  Errors 


Distribution 

Measure 

Based  on  0.015  raps  (0.05  fos) 
Range  Rate  Errors 

Based  on  0.06J  mps  (0.2  fps) 
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THE  GPS  NAVIGATION  SOLUTION 

Ttle  GPS  navigation  solution  can  be  implemented  by  the  use  of  vectors  and  matrix  algebra  with  the 
initial  range  equations  set  up  as  follows.  (See  Figure  5.) 

Ru  -  Ri  -  Di  (1) 

where 

Ru  “  the  vector  from  the  center  of  the  earth  to  the  user 

D1  -  the  vector  from  the  user  to  the  ith  satellite 

K±  -  the  vector  from  the  center  of  the  earth  to  the  ith  satellite 

i  ■  1  to  n  satellites  >4 


Figure  5.  Navigation  Solution  Geometry 


A  solution  for  the  vector  R  will  vield  the  desired  three  unknowns  of  user  position,  identified  as 
V,  tn  a  thr«eTaxe®  reference  coSvdlnate  system.  The  components  of  R  are  known  based  on  the  satellite 
epnemerides .  must  be  dealt  with  in  terms  of  its  magnitude,  which  is  determined  by  the  measured  value 
of  pseudo-range  with  allowances  for  user  and  satellite  clock  corrections. 
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of 


_  Bv  defining  e  as  the  unit  vector  from  user  to  satellite  and  noting  that  e  •  D  -  D  (the  magnitude 
D1),  (1)  becomes  1  1  1 


ei  *  Ru  '  *i  *  Ri  -  Ui 


(2) 


The  range, to  the  satellite  can  be  expressed  as 


Di  •  °i  -  Bu  -  V 


(3) 


where  0.  Is  the  measured  pseudo-range.  B  and  B  ,  respectively,  are  the  range  equivalents  of  the  user  and 
satellite  clock  offsets.  1 


Then  (3)  combined  with  (2)  gives 


R  -  B 


Ri  - 


°i +  Bi 


w 


The  3et  of  equations  (4)  are  the  basic:  range  equations  which  contain  four  unknowns,  consisting  of  the 
three  axis  components  of  user  position  in  R  and  the  range  equivalent  of  the  user  clock  offset,  B  ,  and 
therefore  require  four  equations  for  soluti8n.  A  solution  can  be  provided  employing  the  following  matrix 
definitions : 


u(4xl) 


Rul’Ru2-Ru3- 


T 

B^  , which  contain  the  unknowns  of  user  position  and  clock  correction. 


rl 

r,  O  0***0 

r2 

A 

O  r2  O  O 

r3 

A  A 

u(nx4n) 

O  O  r3  O 

• 

• 

• 

•  •  •  • 

:  : 

rn 

O  O  O"  rn 

WHERE,  n  $  (ei  1 ,  ei2,  ei3,  I) 

O  $  (0-  0,  0,  0) 


Note  that  e  are  the  components  of  the  unit  vectors, e,  in  each  of  the  three  axes  and  are  the 
direction  cosines*^  from  the  user  to  the.  satellites. 


S  (4nxl)  -  !Ku.R12.Rl3>B1.R2rR22,R23,B2.... 


- R  ,,R  ...B 

n.l  n2  nJ*  n  | 


A 
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Prp2,P3 
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The  following  arrangement__of  the  defined  matrices  represents  the  set  of  equations  *,*♦)  and  will  facili¬ 
tate  the  desired  solution  for  X  : 

u 


G 

u 


X 

u 


A  S  -  p 


O) 


T 

A  general  least  squares  solution  usable  with  any  number  of  satellites  h  may  bo  bad  bv  factoring  G  into 
both  sides  of  (5)  giving 


G 

u 


G  X 


u  u 


G  T  iA  S  -  Pj. 
u  u  ' 
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Then , 


X 

u 


[G  T  G  ]_1G  T  [A  S  -  p] , 
u  u  u  u 


(6) 


which  provides  the  desired  solution  for  X  .  Note  that  the  G  and  A  matrices  are  made  up  primarily  of  e 
which  are  the  direction  cosines  from  the  user  to  the  satellites.  TfJe  solution  of  (6)  requires  an  itera- 
tive  solution  based  on  Initial  estimates  of  the  direction  cosines  e  made  from  an  independent  estimate  of 
user  position.  ■ 

Derivation  of  CDOP 

The  covariance  matrix  of  the  error,  6  X  ,  in  the  estimate  of  X  is  given  bv 

u  u 

Cov  6  X  -  (G  T  G  r1  C  T  Cov<5  [AS  -  p][(C  T  G  )_1  C  T]T  (7) 

uuuu  u  u  u  u  4 


This  gives  the  covariance  of  the  errors__in  user  position  and  user  time  (6  X  )  if  the  measurement  error 
statistics  represented  by  Cov  6 (Ay  S  -  p)  are  accurately  known.  GDOP  is  calculated  by  setting  Cov  6(A  S-  p) 
equal  to  the  identify  matrix.  The  remaining  portions  of  (7)  can  then  be  reduced  to  the  fo  lowing: 


Cov  6  X 

u 


(CA  G  ) 


-1 


(8) 


Cov  6(A  S  -  o)  primarily  reflects  range  measurement  error  statistics  (e.g.,  satellite  ephemeris, 
ionospheric  model,  and  instrumentation  errors),  whereas,  G  reflects  onlv  the  geometry  of  the  system. _  A  _ 
good  approximation  fo  the  effect  of  geometry  is  therefore  measured  when  it  is  assumed  that  (Cov 6  (A  S  -  p) 
equals  the  identity  matrix.  This  assumption  normalizes  the  relationship  by  setting  the  range  errors  equal 
to  one,  with  zero  mean,  and  implies  that  the  range  errors  are  both  equal  and  independent. 

Cov  6  appears  as , 
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diagonal  values  are 

the  variance 

of  the 

estima 

it.  The  GDOP 

factors 
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he  product  of  the  CDOP  t.ictors  and  estimates  of  the  errors  in  the  range  measurements  then  give  an  estimate 
of  the  corresponding  errors  in  user  position  or  in  user  time. 
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Figure  1.  Pseudo  -  Range 
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Figure  2.  Determination  of  User  Position  and  Time  Offset 
(Two  Dimensional  Case) 


\  - - - - -  DAT  A  DUKA  II 


•  \  -  •  !>•"«»  »>•»• 

t  -  1  kaikkitBAlM  iMTlai  u«U  wl  lut  partly  cw*t»**i ui  KM  pars  1)1  10.0) 

DOT*  Ail  l>ato  «m»>«  <•  ar«  i»u'«  «•»!•»-  •» 

Figure  3.  Signal  Data  Frame  Content 


BASED  ON  WORLD  WIDE  USERS: 
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%  OF  USERS  WITH  GIVEN  PDOP  OR  LESS 


Figure  A.  PDOP  (Position,  Dilution  of  Precision) 


GLOBAL  POSITIONING  SYSTEM:  SIGNAL  STRUCTURE  AND  PERFORMANCE  CHARACTERISTICS 


James  J.  Spi.Ik.er,  Jr. 

Stanford  Telecommunications,  Inc. 

1195  Bordeaux  Drive 
Sunnyvale,  California  94086 

SUMMARY 

Details  of  the  GPS  signal  structure  are  discussed  as  relates  to  the  signal  generation 
and  the  performance  of  the  navigation  system.  GPS  performance  objectives,  orbit  geometry, 
and  propagation  effects  are  summarized  in  order  to  gain  better  understanding  of  the  signal 
and  what  characteristics  it  must  provide.  With  these  performance  objectives  as  a  preface, 
the  details  of  the  signal  are  described,  showing  the  details  of  the  dual  frequency 
transmission  and  both  the  precise  (P)  and  clear/acquisition  (C/A)  codes  and  their  charac¬ 
teristics.  Finally,  the  basic  performance  of  simplified  receivers  operating  on  this 
received  signal  in  order  to  show  compatibility  with  the  original  performance  objectives 
and  typical  receiver  operation.  It  is  shown  that  an  rms  position  error  of  less  than  10 
meters  is  well  within  the  achievable  performance  bounds  of  the  system. 

SECTION  1 

INTRODUCTION  AND  PERFORMANCE  OBJECTIVES 


1.1  nt  roduet ion 

1  i  this  paper  we  describe  the  detailed  signal  structure  used  in  the  Global  Posi¬ 
tioning  System  satellite  navigation  system.  In  order  for  one  to  understand  the  perfor¬ 
mance  characteristics  in  a  meaningful  sense,  we  begin  by  discussing,  in  an  idealized 
sense,  the  concepts  for  high  accuracy,  real-time  navigation  using  satellites.  The 
various  perturbation  effects  on  the  navigation  signal  and  overall  system  are  then 
described.  These  perturbations  include  relativistic  effects,  multiple  access  inter¬ 
ference  between  satellites,  tropospheric  and  ionospheric  propagation  delays,  multipath, 
thermal  noise,  and  other  interference  effects.  We  conclude  the  first  section  with  a 
summary  of  the  performance  objectives  for  the  signal. 

The  paper  then  continues  with  a  detailed  discussion  of  the  signal  structure,  the 
code  properties,  and  the  performance  of  the  signal  relative  to  the  various  obiectives 
and  constraints  in  the  first  section. 

In  the  concluding  section  the  performance  capability  of  a  typical  receiver  for  this 
signal  is  described  and  briefly  analyzed.  The  search,  acquisition,  and  tracking  accuracy 
for  the  GPS  codes  are  included.  Effects  of  user  dynamics  are  considered.  Multipath  and 
other  interference  error  effects  are  summarized. 

1 . 2  Performance  Objectives 

There  are  several  key  performance  objectives  for  the  GPS  system  which  distinguish 
it  from  previous  satellite  and  land-based  navigation  systems.  Some  of  the  more  important 
are  summarized  below: 

•  High  Accuracy  10-30  meter  rms  position  error 

•  Real-Time  navigation  for  users  with  high  dynamics 

•  World-Wide  Operation 

•  Tolerant  to  Nonintcntional  or  Intentional  Interference 

In  addition  to  these  constraints,  the  user  cannot  be  required  to  carry  a  precision 
atomic  clock,  and  an  initial  navigation  fix  should  be  obtained  within  a  reasonable  period 
(minutes  rather  than  hours)  after  initial  turn-on  of  the  receiver. 

Obtaining  high  accuracy  in  real-time  without  ambiguity  requires  a  relatively  large 
bandwidth  (>_  10  MHz)  and  a  signal  with  a  long  period.  The  high  dynamics  of  the  user 
particularly  in  an  aircraft  requires  the  use  of  an  omni-directional  or  hemispherical 
pattern  antenna.  Coupling  these  two  requirements  together  leads  to  an  RF  frequency  selec¬ 
tion  which  is  large  compared  to  the  bandwidth  but  not  so  large  as  to  give  too  great  a 
space  loss.  Space  loss  is  computed  with  a  combination  of  an  earth  coverage  satellite 
antenna  and  a  0  dBI  gain  receive  antenna.  The  RF  frequency  must  also  be  consistent  with 
available  frequency  allocations.  L-band  is  selected. 

The  demand  for  world-wide  operation  primarily  places  a  constraint  on  the  satellite 
orbits.  One  must  employ  at  least  some  satellites  in  inclined  orbits  in  order  to  provide 
coverage  to  the  polar  regions.  Secondly,  the  signals  received  from  the  satellite  are  of 
relatively  low  power.  Hence  the  signal  should  be  tolerant  to  low  level  interference  which 
might,  for  example,  be  nothing  more  than  a  spurious  harmonic  of  some  lower  frequency 
narrow-band  signal. 

1 . 3  Satellite  Navigation  Concepts 

As  an  elementary  example  of  the  use  of  satellites  for  navigation,  examine  the  single 
satellite  in  Fig.  1-1.  The  satellite  carries  a  display  of  the  satellite  on-board  clock 


and  position  Xjy  (Xj,  y^,  z^)  in  earth-center-earth- f ixed  coordinates.  If  this  hypothe¬ 
tical  display  could  be  viewed  by  an  observer  on  earth  through  a  telescope,  then  simultaneous 
photographs  can  be  taken  of  the  satellite  clock,  through  the  telescope,  and  a  local  clock. 
Both  satellite  and  local  clocks  are  assumed  to  be  precisely  at  GPS  system  time.  The  time 
difference  between  the  two  clocks  as  observed  by  the  user  is  exactly  the  propagation  delay 
(neglecting  relativistic  effects). 
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From  this  measurement  and  the  knowledge  of  the  satellite  position  one  can  of  course 
determine  that  the  user  position  is  on  the  surface  of  a  sphere  centered  at  the  satellite. 
Clearly  if  one  takes  a  sequence  of  measurements  and  forms  a  sequence  of  spheres  one  can 
determine  position  from  only  one  satellite.  However,  two  of  our  performance  objectives 
then  have  been  violated.  the  solution  is  not  in  real-time,  and  an  accurate  clock  has  been 
assumed  at  the  user. 


The  system  configuration  of  Fig.  1-2  eliminates  the  requirement  for  a  local  precision 
clock  and  provides  a  real-time  position  measurement  through  the  use  of  4  measurements,  and 


4  equations  to  solve  for  the  4  unknowns,  x„,  yQ,  z„,  and  T,. . 
graphs  the  4  satellite  displays  to  obtain  T,,  T„,  T„,  T_,  and 
one  can  measure  the  derivatives  of  these  quanticies^and^solve 


imul taneously  photo- 
• 


f&r  uler  £e  loBit y . 


In  addition 


In  order  to  be  useful,  these  simplified  models  of  a  navigation  system  must  first  be 
transformed  into  a  realizable  form.  The  clock  display  must  be  transformed  into  an  equiva¬ 
lent  RF  signal  which  carries  with  it  the  time-of-day  with  sufficient  precision  and  lack  of 
ambiguity;  the  position  of  the  satellite  and  any  errors  in  the  satellite  clock  must  be 
carried  to  the  user  in  a  down-link  data  stream.  Even  an  atomic  standard  time  clock  has 
some  inaccuracy  relative  to  system  time  (a  set  of  atomic  clocks).  See  Fig.  1-3  for  a  * 

typical  plot  of  satellite  clock  count  vs  "true"  system  time  showing  the  clock  time  error. 


It  is  also  easily  shown  that  if  the  user  has  a  good  crystal  clock  that  solutions  of 
the  above  equations  for  user  time  and  doppler  can  correct  the  user  clock,  and  this  correc¬ 
tion  will  be  valid  over  a  reasonable  period  thereafter,  depending  on  the  crystal  clock 
stability.  For  that  time  period  one  needs  only  to  solve  for  three  unknowns,  and  hence 
only  needs  3  satellites  in  view. 


1.4  GPS  Orbit  Configuration  and  Multiple  Access 


Figure  1-4  shows  the  GPS  satellite  configuration  of  24  satellites.  There  are  3  orbit 
planes,  each  inclined  by  63°  with  respect  to  the  equatorial  plane  and  offset  frotp  one 
another  by  120°  in  longitude.  Eight  satellites  are  in  circular  prograde  12  hour  orbits 
in  each  orbit  plane.  The  satellite  altitude  is  approximately  16,020  Km  or  10,898  nm. 
Figure  1-5  shows  the  orbit  traces  i  of  the  satellites  in  each  orbit  plane  and  the  relative 
positions  of  each  satellite  in  the  6  satellite  Phase  I  configuration. 


*J .  J~.  Spilker,  Jr.,  Digital  Communications  by  Satellite,  Prentice-Hall,  Engelwood  Cliffs, 
N.J.,  Chap.  17,  description  of  precise  measures  of  time. 

**The  12  hr  is  in  sidereal  time,  not  solar  time.  Thus  the  subsatellite  point  at  noon  slowly 
shifts  each  day  since  a  sidereal  day  is  roughly  4  minutes  shorter  than  a  solar  dav. 
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EIGURI  1-4  GPS  ORBIT  CONFIGURATION.  THE  SATELLITE  ALTITUOE  IS 
APPROIINATELY  16 ,0?0  km  OR  10.898  rm. 


FIGURE  1-5  ORBIT  TRACES  OF  THE  GPS  SATELLITE 


In  Che  fully  implemented  24  satellite  system  there  are  always  at  least  6  satellites 
in  view  and  as  many  as  11  (depending  on  user  location).  One  required  characteristic  of 
the  Cl’S  signals  then  is  that  one  must  be  able  to  observe  these  multiple  satellite  signals 
simultaneously  without  mutual  interference.  This  property  is  analogous  to  multiple  access 
in  satellite  communications . 


Closer  examination  of  the  signals  received  by  a  given  user  from  multiple  satellites 
illustrates  the  fact  that  these  signals  have  different  path  delays  and  diiferent  doppler 
shifts  (see  Kig.  1-6).  In  Fig.  1-7  the  maximum  doppler  shift  (ft/sec)  is  shown  as  a 
function  of  user  position  for  stationary  users.  The  maximum  doppler  shift  observed  bv  a 
stationary  observer  is  on  the  order  of  2700  ft/sec  or  a  v/c  -  2.7  X  10'^  where  v  is  the 
radial  velocity  to  the  user  and  c  is  the  speed  of  light. 
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If  a  stationary  user  is  at  the  North  Pole  (zero  earth  rotation  effect),  the  receiver 
can  observe  a  +2600  ft/sec  velocity  from  one  satellite  and  a  -2b00  ft/sec  velocity  from 
another  satellite  nearly  simultaneously.  Thus  the  differential  radial  velocity  can  exceed 
5000  ft/sec.  For  a  1.56  GHz -signal,  this  differential  corresponds  to  7500  Hz. 

Geometric  Dilution  of  Precision  (GDOP) 

The  accuracy  with  which  one  can  measure  position  and  time  is  related  to  the  accuracy 
in  radial  range  measurement  by  factors  known  as  the  GDOP  or  Geometric  Dilution  of  Precision. 
The  rms  position  error 

°P  A  /x*  +  +  ozJ  (1-1) 

is  related  to  the  rms  radial  range  error  of  by 

(J 

-E  &  PDOP  (1-2) 

r 

PDOP  is  the  Position  Dilution  of  Precision,  and  we  similarly  define  o.  ^  </■<  :  +  o  ‘  and 
the  Horizontal  Dilution  of  Precision  is  1  x  N 


^h  £  HDOP  (1-3) 


The  value  of  PDOP  can  be  determined  geometrically  by  relating  it  to  the  volume  of  a 
special  tetrahedron  as  shown  in  Fig.  1-8.  The  user  position  is  at  point  T,  and  the  satel¬ 
lites  are  located  at  points  Rj^.  Generate  a  unit  sphere  centered  at  the  user  P  and  draw 
vectors  intersecting  the  sphere  to  each  satellite  as  shown  in  Fig.  l-8(b)  where  one  of  the 
satellites  is  shown  at  the  user's  zenith.  The  tetrahedron  formed  by  connecting  these 
points  together  and  the  user  point  P  has  a  volume  V.  It  can  be  shown  that 

PDOP  -  1/V  (1-4) 

Thus  as  the  volume  of  the  tetrahedron  becomes  larger,  the  PDOP  becomes  smaller,  and  hence 
the  position  accuracy  improves.  The  volume  is  maximized  when  the  one  satellite  is  at  the 
user  s  zenith  and  the  other  three  are  separated  by  120°  and  are  as  low  on  the  horizon  as 
permitted  by  the  user's  antenna  elevation  angle  (maximize  the  horizontal  cross-sectional 
area). 

Figure  1-9  shows  the  various  GDOP  factors  vs  the  cumulative  probability  of  achieving 
a  given  GDOP  or  lower.  The  values  shown  gre  for  a  5°  elevation  mask,  i.e.  only  satellites 
in  the  24  satellite  constellation  above  5°  elevation  angle  are  assumed  to  be  in  view. 
Clearly  one  has  a  high  probability  of  a  PDOP  of  3  or  less.  Thus  if  one  is  to  have  a  10 
meter  accuracy  goal  the  desired  accuracy  in  range  measurement  should  be  on  the  order  of 
(1/3)  10  meters  or  roughly  o  <  10  nsec. 

If  one  assumes  that  a  modulation  component  or  code  chip  modulating  the  signal  can  be 
resolved  to  1-10%  of  its  width  with  reasonable  ease  then  the  10  nsec  value  for  o  leads  to 


a  code  chip  width  of  I  v*sec  to  100  nsec  or  a  1-10  Mbps  code  clock  rate 
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1  .  5  Sal »'  1  lite  Flock  Ktrors  and  Relativistic  Fro  quency  Shi  f  t  s 

Although  the  satellites  carry  atomic  standards  on-board,  even  these  clocks  are  subject 
to  drifts  ansi  clock  errors  as  time  passes.  For  this  reason  the  clock's  timing  errors  are 
continually  checked  by  receivers  at  ground  nuMiitor  stations,  and  once  per  day.  a  clock 
correction  signal  is  uploaded  to  each  satellite  for  relay  ds'wn  to  each  user  as  part  ot  t  lie 
satellite  slata  stream,  als'ng  with  satellite'  posit  is'n  iut  orui.it  is'\\  fophomorisf 

In  addition  to  these  slowly  varying  oscillator  generated  clock  errors  there  are  also 
general  and  special  relativistic  clock  shifts.  The  received  clock  frequency  1  dilteis 
from  the  transmitted  clock  frequency  by  the  expression  given  in  fable  l-l.  these  are  two 
types  of  effects.  The  first  is  caused  by  the  difference  in  gravitational  potential  between 
the  satellite  and  the  user.  The  second  effect  is  caused  by  the  difference  in  velocities 
of  the  users.  Both  of  these  effects  depend  somewhat  on  where  the  user  is  on, the  earth. 

The  average  effect,  is  a  net  fractional  increase  in  frequency  of  •»•»’.!>  X  10"^*  The  effect 
iif  the  sun  causes  a  minor  perturbation  in  this  value,  and  the  moon  a  still  smaller  effect. 

Much  of  this  relativistic  effect  can  be  corrected  by  purposely  setting  the  satellite 
clock  frequency  slightly  low  by  the  factor  X  10"“  .  The  satellite  signal  speeds  up 

as  it  approaches  earth  causing  the  observed  frequency  to  increase.  The  remaining  correct  ion 


is  carried  in  the  downlink  data  stream. 
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1 . 0  Ionospheric  and  Tropospheric  Range  Errors 

Both  the  ionosphere  and  the  troposphere  generate  range  errors.  The  ionospheric  error 
is  caused  by  the  integrated  electron  count  over  the  ray  path  after  one  has  accounted  for 
the  ray  bending  effects  of  the  ionosphere.  Thus  the  effect  is  dependent  on  both  the 
character  of  the  ionosphere  at  zenith  and  the  elevation  angle  to  the  satellite. 

Figure  1-10  illustrates  the  typical  efiects  of  the  elevation  angle  relative  to  the 
total  ionospheric  delay.  The  obliquity  factor  gives  the  factor  with  which  the  ionospheric 
delay  is  increased  relative  to  the  delay  for  a  ray  to  a  satellite  at  zenith.  As  shown, 
the  obliquity  factor  is  on  the  order  of  J  for  low  elevation  angles. 
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Figure  1-11  shows  typical  measurements  of  ionospheric  delay  for  an  L-band  signal 
received  at  vertical  incidence  (obliquity  factor  of  1) .  The  mean  ionospheric  delay  at 
nighttime  is  on  the  order  of  10  nsec.  During  daytime  the  delay  increases  to  as  high  as  50 
nsec.  In  regions  near  the  geomagnetic  equator  or  near  the  poles  the  delays  can  be  signifi¬ 
cantly  larger,  particularly  during  periods  of  magnetic  storms. 


or 
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Thus  a  computation  of  it  gives  an  estimate  of  • 


(1-5) 


The  other  significant  contributor  to  delay  error  is  the  ray  bending  effects  of  the 
troposphere  caused  by  water  vapor  and  other  atmospheric  constituents.  Figure  1-12  shows 
the  frequency  independent  tropospheric  effect  and  its  sensitivity  to  the  elevation  angle 
and  user  altitude.  This  effect  can  also  be  significant  at  low  elevation  angles.  However, 
the  tropospheric  effect  is  more  easily  predicted  by  making  use  of  relatively  simple  atmos¬ 
pheric  measurements  at  sea  level  and  should  not  contribute  a  large  residual  error. 
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1 . 7  Multipath  and  Interference  Effects 

Many  of  the  navigation  users  are  in  aircraft  and  often  are  above  water  where  a  sub¬ 
stantial  multipath  reflection  exists.  See  Fig.  1-13.  When  the  satellite  is  at  zenith  the 
differential  path  delay  is  equal  to  twice  the  aircraft  altitude,  perhaps  1000  to  80,000 
ft,  or  2  to  160  psec.  At  lower  elevation  angles,  the  differential  delay  might  be  1/10  of 
this  value.  The  magnitude  of  the  reflected  ray  can  sometimes  be  almost  as  large  as  the 
direct  ray.  The  GPS  signal  should  be  tolerant  to  this  multipath  reflection. 

Spurious  interference  from  harmonics  of  narrow  band  CW  transmitters  is  another  possible 
interference  source.  The  signal  from  the  satellite  received  by  an  omni-directional  antenna 
(0  dBIC)  is  at  -130  dBm  for  the  C/A  signal.  Many  potential  navigation  signals  cannot 
tolerate  an  interference  level  greater  than  1/10  the  received  signal  strength  and  certainly 
not  one  equal  to  the  received  signal  power.  Some  signals,  on  the  other  hand,  can  tolerate 
much  larger  interference  power. 

The  powep  received  from  an  isotropic  interference  transmitter  to  our  isotropic  receive 
antenna  is 

pr  -  Pt/(4.56  X  103f2d2)  (1-6) 

where  f  is  in  MHz  and  d  is  in  miles.  For  f  =  1.57542  X  103  MHz,  d  =  102  miles,  P  «  10 
dBm.  We  have  Pj-  =  Pt/1.13  X  10^  =  -140.5  dB  +  Pt  «  -130.5  dBm.  Hence  even  a  10cmw 
transmitter,  100  miles  away,  could  interfere  with  the  received  satellite  signal  if  it  were 
not  designed  properly.  Thus  tolerance  to  low  level  in-band  interference  is  an  important 
aspect  in  GPS  signal  selection. 

1 . 8  Summary  of  Desired  Navigation  Signal  Characteristics 

In  the  preceding  paragraphs  we  have  attempted  to  examine  in  turn  each  of  the  desired 
characteristics  of  the  GPS  navigation  signal.  This  signal  must  be  an  RF  representation  of 
the  satellite  clock  and  in  addition  must  carry  data  to  indicate  satellite  position  and 
clock  correction  parameters. 

We  summarize  these  requirements  below  and  in  Table  1-3. 
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Allow  accurate  pseudo  -  range  measurements  (\  10  nsec)  without  ambiguity. 

Allow  accurate  doppler  shift  measurements  (-0.1  Hr). 

Provide  dual  frequency  measurements  to  provide  ionospheric  group  delay  measure¬ 
ments  (  COL  frequency  separation). 

Provide  an  efficient  data  channel  for  the  transmission  of  satellite  ephemeris. 
clock  correction  information,  and  other  data  (50  bps). 

Provide  both  a  high  accuracy  "protected"  signal  along  with  a  simpler  signal 
which  provides  somewhat  lower  accuracy  and  is  easily  acquired  in  a  short  time 
(  1-2  minutes)  by  the  receiver. 

Good  multiple  access  properties.  The  user  will  typically  receive  simultaneous 
transmissions  from  b-11  satellites. 

Ability  to  resist  interference  from  low  power  narrow  band  interference  as  well 
as  moderate  power  intentional  interference. 

Ability  to  reject  or  to  reduce  greatly  multipath  interference  problems  where  the 
differential  multipath  delay  is  200  nsec  or  greater. 

Table  1-3  DESIRED  GPS  SIGNAL  PROPERTIES 

ALLOW  ACCURATE  REAL-TIME  TIME -OF -ARRIVAL  MEASUREMENT  (o  -10  nsec)  WITHOUT 
AMBIGUITY. 

ALLOW  ACCURATE  DOPPLER  SHIFT  MEASUREMENT. 

PROVIDE  AN  EFFICIENT  DATA  CHANNEL. 

PROVIDE  A  RAPID  ACQUISITION  NAVIGATION  CAPABILITY  WITH  GOOD  ACCURACY  ALONG  WITH 
A  HIGH  ACCURACY  CAPABILITY  FOR  MORE  DEMANDING  USERS. 

PROVIDE  IONOSPHERIC  GROUP  DELAY  CORRECTION. 

GOOD  MULTIPLE  ACCESS  PROPERTIES. 

GOOD  INTERFERENCE  REJECTION  PROPERTIES. 

TOLERANCE  TO  MULTIPATH  INTERFERENCE. 


SIGNAL  GENERATION  COMPATIBLE  WITH  CURRENT  SPACE  ELECTRONICS  TECHNOLOGY. 
AVOID  EXCESSIVE  BANDWIDTH  RELATIVE  TO  THE  CENTER  FREQUENCY. 


GPS  SIGNAL  STRUCTURE 


Introduction 


In  this  section  the  structure  of  the  GPS  signal  is  described  in  detail.  The  general 
properties  of  the  codes  employed  are  discussed  along  with  a  consideration  of  many  of  the 
system  requirements,  e.g.,  multiple  access  discussed  in  Section  1.  The  remaining  require¬ 
ments  ■”:e  discussed  later  in  Section  3. 


2 . 2  GPS  Signal  Frequency  Characteristics 

The  GPS  signal  consists  of  two  components.  Link  1,  LI,  at  a  center  frequency  of 
1575.42  MHz  and  Link  2,  L2,  at  a  center  frequency  of  1227.6  MHz.  The  L-band  center  fre¬ 
quency  selection  has  advantages  over  lower  frequencies  in  that  the  channel  bandwidth  alloca¬ 
tion  is  more  readily  obtainable  at  I. -band.  In  addition,  the  ionospheric  delay  effects  (with¬ 
out  correction)  are  substantially  smaller.  As  compared  to  C-band,  the  space  losses  to  an 
isotropic  receive  antenna  are  substantially  larger  for  C-band  than  L-band  and  give  L-band 
the  advantage.  Thus  the  frequency  separation  is  347.82  MHz  or  28.3%  relative  to  L2.  As 
discussed  earlier,  this  dual  frequency  measurement  permits  measurement  of  the  ionospheric 
group  delay  error.  Each  of  these  center  frequencies  is  a  coherently  selected  multiple  of 
a  10.23  MHz  clock.  The  frequency  stability  for  the  NTS-2  clock  with  redundant  cesium 
standards  is  better  than  2  parts  in  1033.  In  particular  the  link  frequencies  are: 


LI  =  1575.42  MHz  =  154  x  10.23  MHz 
L2  =  1227.6  MHz  =  120  x  10.23  MHz 


Thus  the  ionospheric  group  delay  correction  equation  (1-5)  of  Section  1  becomes 


or 
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where  ^Gm ^  is  the  ionospheric  group  delay  at  LI  and  At  is  the  measurable  difference 
between  total  propagation  delays  at  LI,  and  L2. 


As  discussed  earlier,  the  relativistic  effects  are  partially  compensated  for  in  the 
satellite  by  offsetting  the  10.23  MHz  clock  slightly  low  by  a  factor  of  4.45  x  10-331  or 
4.55  x  10"3  Hz  at  the  10.23  MHz  clock  rate.  Thus,  as  the  signal  approaches  the  earth  from 
the  satellite,  the  frequency  increases  by  approximately  the  same  factor  and  the  signal 
appears  to  a  stationary  user  on  the  earth  to  have  a  frequency  very  close  to  10.23  MHz. 
Henceforth  when  reference  is  made  to  10.23  MHz,  the  frequency  will  always  be  this  offset 
frequency  as  far  as  satellite  clocks  are  concerned. 


Each  of  these  two  signals  LI  and  L2,  is  modulated  by  either  or  both  a  10.23  MHz  clock 
rate  precision  (p)  signal  or  by  a  1.023  MHz  clear/acquisition  (C/A)  signal .  Each  of  these  two 
binary  signals  iias  been  formed  by  a  P-code  or  a  C/A  code  which  'is  modulo-2  added  to  50  bps 
data  D,  to  form  P®D  and  C/A®D,  respectively. 


The  LI  in-phase  component  of  the  carrier  is  modulated  by  the  P  signal  P®D  and  the 
quadrature  carrier  component  is  modulated  by  C/A®D.  A  phasor  diagram  of  the  LI  signal  is 
shown  in  Fig.  2-1. 
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The  L2  signal  is  biphase  modulated  by  either  the  P  code  or  the  C/A  code.  Normal 
operation  would  provide  P  code  modulation  on  the  L2  signal.  The  transmitted  signal  spec¬ 
trum  showing  both  LI  and  L2  is  shown  in  Fig.  2-2. 
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2.3  Detailed  Signal  Structure 


The  Link  1  signal  LI  contains  both  in-phase  and  quadrature  signals.  The  signal 
transmitted  (see  Fig.  2-1)  by  the  satellite  is  then 

SLU(t)  =  Ap  XP-^t)  D£(t)  cosCuipt+O)  +  Ac  XG.(t)D.(t)  sinC^t+0)  (2-3) 

where  is  the  LI  frequency  as  defined  above,  0  represents  a  small  phase  noise  and  oscil¬ 
lator  drift  component.  Oscillator  stability  is  obtained  using  redundant  cesium  or  rubidium 
frequency  standards.  (The  first  satellite  in  the  GPS  series  NTS-2,  has  a  clock  stability 
better  than  2  x  10-^).  The  P-code,  XP.(t),  is  a  +  1  pseudo-random  sequence  with  a  clock 
rate  of  10.23  Mbps  and  a  constrained  period  of  exactly  1  week.  Each  satellite,  i,  trans¬ 
mits  a  unique  P-code.  The  data,  D^(t),  also  has  amplitude  +  1  at  50  bps  and  has  a  6  sec 
subframe  and  a  30  sec  frame  period.  The  C/A  code  XG.  is  a  unique  Gold  code  of  period  1023 
bits  and  has  a  clock  rate  of  1.023  Mbps.  Thus  the  C/A  code  has  a  period  of  1  msec.  The 
relative  amplitudes  of  the  P  and  C/A  codes  are  controlled  by  the  constants  Ap  and  A c.  In 
GPS  Phase  1  the  C/A  code  strength  is  between  3  and  6  dB  stronger  than  the  P-code.  As 
already  mentioned  above,  the  code  clocks  and  transmitted  RF  frequencies  are  all  coherently 
derived  from  the  same  on-board  satellite  frequency  standard.  The  rms  clock  transition 
time  difference  between  the  C/A  and  P-code  clocks  is  less  than  5  nsec. 

P-Code 

The  P-code  for  each  satellite  i  is  the  product  of  2  PN  codes,  XI (t)  and  X2(t+n.t), 
where  XI  has  a  period  of  1.5  sec  or  15,345,000  chips  and  X2  has  a  period  of  15,345,037 
chips  or  37  chips  longer;  both  sequences  are  reset  to  begin  the  week  at  the  same  epoch 
time.  Both  XI  and  X2  are  clocked  in  phase  at  a  rate  1/T  =  10.23  MHz.  Thus,  the  P-code  is 
a  product  code  of  the  form 


XP.(t)  =  Xl(t)  X2(t+n.T) 


Reset  at  beginning  of  week. 


where  the  delay  between  XI (t)  and  X2(t)  is  n.  code  clock  intervals  of  T  sec  each.  Each 
satellite  has  a  unique  code  offset  n.T  whichSnakes  the  P-code  unique  as  well.  The  increase 
in  code  period  for  X2  by  37  relative1to  XI  allows  the  values  of  n.  to  range  over  0  to  36 
without  having  any  significant  segment  of  a  P-code  of  one  satellite  match  that  of  another. 
Thus  we  have  37  different  P-codes. 

The  period  of  a  product  of  P-codes  each  of  relatively  prime  period  is  the  product  of 
the  periods.  Thus  if  the  P-code  were  allowed  to  continue  without  being  reset  it  would 
continue  without  repetition  for  slightly  more  than  38  weeks.  This  overall  period  has  been 
in  effect  subdivided  so  that  each  satellite  gets  a  one  week  period  which  is  non-overlapping 
with  every  other  satellite. 

The  Z-count  is  defined  as  the  number  of  1.5  sec  XI  epochs  since  the  beginning  of  the 
week.  Thus  there  are  4  XI  epochs  per  data  subframe  of  6  sec.  In  order  to  acquire  the  P- 
code ,  the  50  bps  data  stream  contains  a  new  Hand-Over-Word  (HOW)  each  6  sec  subframe.  The 
HOW  word,  when  multiplied  by  4,  gives  the  Z-count  at  the  beginning  of  the  next  6  sec 
subframe.  Thus  if  one  knows  the  subframe  epoch  times  and  the  HOW  word,  one  can  acquire 
the  P-code  at  the  next  subframe  epoch. 

Figure  2-3  summarizes  the  timing  relationships  between  XI,  X2  epochs  and  the  Z-count 
and  HOW  words. 
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C/A  Code 

The  clear/acquisit-ion  C/A  code  is  a  relatively  short  code  of  10-13  bits  or  1  msec 
duration  at  a  1.023  Mbps  bit  rate.  This  code  is  selected  to  provide  good  multiple  access 
properties  for  its  period.  The  C/A  codes  for  the  various  satellite  are  formed  as  the 

product  of  two  1023  bit  1’N  codes  Gl(t)  and  G2(t).  Thus  this  product  code  is  also  of  1023  ] 

bit  period  and  is  represented  as 

XG(t )  -  G 1  ( t  )  G2  1 1  +  Nj  (10T)|  (2-5) 

where  N.  determines  the  phuse  offset  in  chips  between  01  and  G2 .  Note  that  a  C/A  code 
chip  has  duration  10T  sec.  There  are  1023  different  offsets  N.  and  hence  1023  different 
codes  of  this  form.*  Each  code  Cl.  G2  is  generated  by  a  maximal  -  length  linear  shift 
register  of  10  stages.  The  Gl  and  G2  shift  register,  are  sot  to  the  all  onus  state  in 
synchronism  with  the  XI  epoch.  The  tap  positions  are  specified  by  the  generator  polynomial 
for  the  two  codes 

Cl.  CL  (X)  -  1  +  X3  +  X10 

G2:  G,  (X)  -  1  +  X*-’  +  X3  +  X6  +  X8  +  Xg  +  X10  (2-b) 

Since  the  Gold  code  has  a  1  msec  period,  there  are  20  C/A  code  epochs  for  every  data 
bit.  The  50  bps  data  clock  is  synchronous  with  both  the  C/A  epochs  and  the  XI  epochs. 

Figure  2-9  shows  a  simplified  block  diagrams  of  the  C/A  code  generator.  The  unit  is 
comprised  of  two  10  stage  feedback  shift  registers  clocked  at  1.023  Mbps  having  feedback 
Laps  at  stages  3,  10  for  Gl  and  at  2,3,6.8,9,10  for  G2.  The  various  delay  offsets  are 
generated  by  tupping  off  at  approximate  points  on  the  G2  register  and  modulo-2  adding  the 
two  sequences  together  to  get  the  desired  delayed  version  of  the  G2  sequence . 

Epochs  of  the  G  code  ut  1  Kbps  are  divided  down  by  20  to  get  the  50  bps  data  clock. 

All  clocks  are  in  phase  synchronism  with  the  XI  clock  as  shown  in  Fig.  2-9. 

1,2  Signal 

The  L2  signal  is  biphase  modulated  by  either  the  P-code  or  the  C/A  code  us  selected 
by  ground  command.  The  same  50  bps  data  stream  modulates  the  L2  carrier  as  is  transmitted 
on  LI.  Thus  the  L2  slgnul  is  represented  in  the  normal  P  format  as 

SL2(t)  -  B,,  XP((t)  D 1  ( t )  cos(<o2t  +  9)  (2-7) 

where  It.,  represents  the  signul  amplitude  at  the  satellite,  XI’.  (t)  is  the  P-code  for  the 
ith  satellite  clocked  in  synchronism  with  the  LI  codes.  Both  carrier  and  code  are  synch¬ 
ronous  with  one  another. 


♦There  actually  are  1025  different  Gold  codes  of  this  period  and  family, 
and  G2(t),  by  themselves,  are  the  other  two  codes. 
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GPS  Signal _ Summary 

Table  2-1  summarizes  the  signal  characteristics  discus soil  above.  One  of  the  key 
points  to  be  made  in  the  signal  structure  discussion  is  that  acquisition  by  a  receiver  ot 
the  relatively  short  period  C/A  code  and  recovery  of  a  single  lull  subframe  of  data  permits 
one  to  acquire  the  I’-code  with  minimal  or  zero  search.  Knowledge  of  the  C/A  epoch  plus 
the  data  subframe  epoch  and  the  HOW  word  gives  the  exact  phasing  of  the  V-code . 

TaMo  I  SUMMARY  OK  OKS  SIONAI.  KARAMKTfcRS 
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The  received  signal  strength  at  a  user  receiver  employing  a  0  dBIC  antenna  is  given 
below  in  Table  2-2  for  the  GPS  Phase  1. 


Table  2-2 

CPS 
a  0 
The 

Received  Signal  power  levels  at  output  of 
dBIC  antenna  with  Rli  circular  polarization, 
satellite  is  at  an  elevation  angle  '  “i1  . 

Link 

tll’S  Signal  Component  (Minimum  Strength) 

P  C/A 

LI 

-16J  dllw  -160  dBw 

L2 

-166  dBw  -166  dBw 

5-1 J 

The  signal  power  spectral  densities  for  the  P  and  C/A  signal  components  are  shown  in 
Fig.  2-5.  Figure  2-6  shows  the  measured  RF  power  spectral  density  of  the  LI  signal.  Note 
the  narrow  band  high  power  density  C/A  signal  in  the  center  of  the  signal  spectrum. 
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FIGURE  2-i  SPECTRA  OF  CARRIERS  WITH  BIT  RATES  OF  1  MEGABIT/SEC 

AND  10  NEGABITS/SEC.  THE  RATIO  OF  C/A  POWER  TO  P-CODE 
SIGNAL  POWER  IS  J  dB  IN  THIS  FIGURE. 


2 . A  Signal  Characteristics 

In  the  previous  paragraph  we  defined  the  structure  of  the  GPS  signal  but  did  not  more 
than  begin  to  examine  its  characteristics  and  performance.  In  this  section  we  begin  to 
examine  the  multiple  access  characteristics  of  the  C/A  and  P-codes  and  to  give  some  of  the 
reasons  for  their  selection.  In  particular,  the  cross-correlation  properties  are  examined 
for  the  P  and  C/A  signals  both  with  and  without  doppler  offset. 

Cross-Correlation  Properties 

The  key  multiple  access  performance  parameter  of  the  GPS  signals  is  the  generalized 
cross-correlation  performance.  Any  GPS  receiver  must  in  effect  perform  a  cross-correlation 
operation  if  it  is  to  extract  the  signal  and  recover  the  data. 

Figure  2-7  shows  the  typical  received  signal  format  and  cross-correlation  receiver 

where  two  satellites  are  in  view,  satellite  h,  the  desired  signal,  and  satellite  j,  the 
interfering  satellite.  Of  course,  one  must  realize  that  a  parallel  or  time  multiplexed 
correlator  will  next  be  reversing  these  roles  and  satellite  j  would  be  the  desired  signal 
and  satellite  h  would  be  the  interference.  In  general,  of  course,  more  than  2  satellites 

are  in  view  and  the  receiver  operates  on  at  least  A  satellite  signals. 


RECEIVED  HEItFlPtE  ACCESS  SIGNAL 


FIGURE  ?-?  NUlllPlE  ACCESS  INTERFERENCE  IN  USER  RICE  IVER  1HI  RECEIVED  SIGNAL 
CONSISTS  OF  THE  DISIRID  SIGNAI  PIUS  A  TIME  OFrSIF.  DOPPLIR  SHII1IP 
HUIFIPIE  ACCESS  SIGNAI  FROM  ANOTHER  SATEELIFt. 


The  received  signals  are  assumed  to  be  modulated  by  codes  X^ft)  and  X .  t  )  -  +  1 
respectively.  These  signals  can  represent  either  the  P-code  or  the  C/A  code  or  an  arbi¬ 
trary  signal.  For  the  moment  the  data  modulation  is  ignore'  and  the  signals  are  of  equal 
strength.  Noise  effects  are  additive  and  can  be  considered  separately. 

The  block  diagram  of  Fig.  2-7  shows  a  coherent  correlation  operation  where  the  coher¬ 
ent  carrier  is  multiplied  with  the  received  signal  and  the  resultant  baseband  output  is 
multiplied  by  a  phase  synchronised  replica  of  the  desired  code  ( t ) .  The  output  ol  the 
multiplier  is  then  integrated  for  some  time  T  sec  to  produce  the  "correlation"  output 
If  T  is  equal  to  or  a  multiple  of  the  per lodmof  the  waveforms  or  approaches  infinfty,  the 
output  will  be  the  true  correlation,  otherwise  it  will  be  a  partial  correlation  function* 

The  output  of  the  "correlation"  meter  would  be  exactly  zero  if  there  is  no  cross¬ 
correlation  between  X.  and  X.  codes.  However,  in  general  there  will  be  some  finite  cross¬ 
correlation  either  positive  or  negative  and  1  +  P  r  1  in  Fig.  2-8.  This  non-zero  cross- 
correlation  can  cause  interference  in  the  receiver  or  possible  false  lock  in  a  code  search 
and  acquisition  operation  if  |P|is  sufficiently  large,  e.g.,  |P|  >  0.3.  The  effect  can  be 
made  more  severe  by  the  user  receiver  antenna  pattern  which  might  have  more  gain  in  the 
direction  of  the  interfering  satellite  and  perhaps  less  space  loss  for  that  satellite  as 
well.  For  example,  if  the  Interfering  satellite  is  at  the  zenith  and  In  the  direction  oi 
maximum  antenna  gain  while  the  desired  signal  Is  at  a  3°  elevation  angle,  the  difference 
in  received  signal  levels  can  favor  the  interfering  signal  by  more  than  6  dB. 


P-Code 

Figure  2-8  shows  the  amplitude  spectra  and  a igna l - to- Int erf erence  ratio  (multiple 
access  gain)  computed  for  the  P-codos  where  wo  have  assumed 

•  The  desired  and  multiple  access  Intorterenoe  signals  ate  received  at  equal  power 
and  the  same  doppler  offset 

•  Both  are  received  with  30  bps  data 

•  The  two  signals  are  clocked  lit  synchronism 

The  output  spectrum  at  the  multiplier  output,  W(t ) ,  then  takes  the  form  shown  in  Fig 
2-8 (h) .  The  desired  component  gives  simply  the  data  spectrum  0^(1 )  here  assumed  to  he  a 


*Sp llker ,  op  clt,  pp.  597-bOO 


random  data  stream.  The  interfering  multiple-access  component  has  the  spectrum  of  the 
product  of  the  two  PN  codes  which  is  for  all  purposes  of  interest  here,  a  pseudo-random 
bit  stream.  Thus  both  have  (sin  x/xj  spectra,  one  with  bandwidth  to  the  null  of  Rj  - 
50  Hz  and  the  other  at  10.23  MHz.  Clearly  one  can  place  a  low  pass  filter  of  bandwidth  R, 
and  get  most  of  the  power  (the  added  power  by  using  a  larger  bandwidth  would  be  less  than11 
0.44  dB) .  The  power  passing  to  the  output  of  the  low-pass  filter  from  the  multiple 
access  interference  is  reduced  by  a  factor  of  2R<j/Rc  where  R  -  10.23  MHz.  Thus  the 
output  signal-to-interference  power  ratio  for  the  P-code  is  S/I  »  +  10*  or  50  dB. 
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TIGURE  2*9  GENERATION  OF  A  PN  SEQUENCE 


2 . 5  C/A  Code  Properties 

The  multiple  access  properties  of  the  Gold  codes  are  substantially  different  from  the 
P-code  signal  in  two  respects. 

•  Cross-correlation  sidelobes  are  not  of  equal  height  and  are  much  larger  than 
those  of  the  P-code. 

•  The  cross-correlation  property  is  dependent  in  a  significant  way  on  both  doppler 
offset  as  well  as  code  offset.  The  P-code  on  the  other  hand  has  multiple  access 
properties  essentially  independent  of  doppler  and  time  offset. 

Linear  Feedback  Shift  Register  Sequence 

Before  we  discuss  details  of  the  Gold  codes,  we  review  briefly  the  properties  of  the 
PN  codes.  Figure  2-9  shows  a  4-stage  linear  maximal  length  shift  register  and  the  sequence 
it  generates  at  each  clock  pulse.  The  sequence  of  shift  register  states  is  shown  in  Fig. 
2-9  (b) ,  the  initial  state  is 


S 


(2-9) 


where  the  state  vector  components  are  defined  as  the  state  of  each  of  the  binary  shift 
register  delay  elements.  As  long  as  this  shift  register  is  not  forced  to  the  "all  zero” 
state,  it  will  cycle  through  all  2”-l  -  15  states  in  a  periodic  manner.  In  general,  an  n 
stagenlinear  feedback  shift  register  (LFSR)  with  proper  taps  produces  a  code  of  period 
P  *  2-1.  Note  that  the  LFSR  generates  all  state  factors  except  the  all  zero  state,  thus 
it  cycles  through  each  of  the  possible  state  vectors.  Thus  there  are  2-1  states  in  the 
period. 


Figure  2-10  shows  the  PN  sequence  at  the  output  of  a  selected  stage, 
tion  of  the  PN  sequence  where  s(t)  *  +1  is 
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8 1  NARY  SEQUENCE 
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TRANSFORMATIONS  FOR  »(t) 
S  -  0-»*  1  -  » 

S  ■  !-*■-  1  •  1 


7  *'«  TOTAl  TO  -1 


AUTOCORRELATION 


For  a  unit  time  offset  i  =  1,  the  produce  s(t)  s(t  +  i)  is  shown  in  Fig.  2-10(b). 

This  product  is  easily  seen  to  form  a  shifted  version  of  the  same  sequence.  This  property 
is  variously  known  as  the  shif t-and-add  or  cycle-and-add  property  in  reference  to  the  fact 
that  shifting  the  sequence  S(t)  =  (0,1)  by  i  clock  pulses  and  modulo-2  addition  with  the 
original  unshifted  sequence  forms  a  shifted  version  of  the  same  sequence  with  a  different 
offset. 

nSince  the  PN  sequence  has  one  more  -1  than  +1,  the  average  value  of  s(i)  is  simply  - 
1/(2  -1)  -  -1/15  where  2  -1  is  the  code  period.  Thus,  it  is  easily  seen  that  the  auto¬ 

correlation  function  of  a  LFSR  is  a  two  level  function  as  shown  in  Fig.  2-10(c)  for  inte¬ 
gral  values  of  i. 


R(i)  =1  i  -  0 

-  i  +  0  (2-11) 

2n-l 

For  the  autocorrelation  function  for  nonintegral  values  of  time  offset,  simply  connect 
the  values  of  R(i)  by  straight  lines. 

Gold  Codes 

The  Gold  codes  are  a  family  of  codes  formed  as  the  product  of  two  different  LFSR, 
both  of  the  same  period  P  ^  2-1.  Table  2-3  illustrates  some  of  the  properties  of  a  Gold 

code.  The  two  PN  sequences  X. (t),  X. (t)  arc  specially  selected  from  the  set  of  LFSR 
sequences  having  the  same  period.  ^ 

Using  Table  2-3  it  is  easily  seen  that  the  cross-correlation  between  any  two  different 
Gold  codes  of  the  same  family  G.  (t)  and  Ge(t)  with  no  time  offset  is  simply  -1/P  the  same 
as  for  the  PN  code  autocorrelation.  More  generally,  however,  the  cross -correlation 

Gk(t)  Ge(t+n)  =  Csrt+F)  -  JTTty  (2-12) 


is  simply  the  time  average  of  another  code  in  the  same  family.  Table  2-4  summarizes  the 
quantitative  results  for  cross-correlation  with  zero  doppler  offset. 

Table  2-5  summarizes  the  performance  of  three  types  of  sequences;  linear  maximal 
length  shift  register  sequences,  nonlinear  maximal  length  shift  registers  (contains  one 
more  state  in  the  period  since  they  have  all  zero  states)  and  the  Gold  codes.  Note  that 
there  are  2  +1  Gold  codes  in  a  family  of  codes  of  period  2-1.  There  are  all  shift  offsets 
k  allowed  as  indicated  in  Table  2-3  plus  the  two  PN  components  by  themselves  X.(t), 

yt). 


*R.  Cold,  "Optimal  Binary  Sequences  for  Spread  Spectrum  Multiplexing,"  IEEE  Trans,  on  Info. 
Theory,  Oct.  1967,  pp.  619-621. 
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TABLE  2-3  GOLD  CODE  PROPERTIES 

PRODUCT  CODES  -  PRODUCT  OK  2  PN  CODES  OK  SAME  PERIOD 
Lk(t)  -  xt(t)  Xj(tFk)  WHERE  *t  HAVE  PERIOD  P 

P  DIFFERENT  VALUES  OK  k.  HENCE  P  DIFFERENT  CODES  PLUS  x(  .  Xj 
FAMILY  OF  CODES  GENERATED  FOR  DIFFERENT  VALUES  OF  k  WITH  LOW  CROSS  CORRELATION 
CROSS  CORRELATION  Ck(t)G,Ct)  -  x  jTtTi^Tt  kETSjTtT  X  *  H  -  (tFk)xj {t+3) 

-  XjTt  +ix)  - 

USE  CYCLE  AND  ADD  PROPERTY  OF  PN  SEQUENCE 

FOR  OTHER  VALUES  OF  CODE  SHUT  G^I t )G, (l Fn)  THE  CROSS  CORRELATION  IS  ROUNDED 
f^TnSjTTfnT  -  xt  ( t )  x  j  ( t  +k  )  xj  ( t  +n  )  x  ^  (  i  +k+n) 

-  xj(l+r)Xj  (t+r+s)  -  Cs ( t+r)  * 


TABU  2-4  CROSS  CORRELATION  PROPERTIES  OE  GOLD  COOES 


CODE  PER I 00 

NUMBER  OF 

SHIFT  REGISTER 
STAGES 

NORMALIZED 

CROSS-CORRELATION 

LEVEL 

PROBABILITY 

or 

LEVEL 

P  -  2n  -  1 

n 

:(MJ 

P 

0.25 

n-000 

'  7 

0.50 

im,) 

p 

0.25 

P  -  2"  -  1 

n 

.(i^j 

p 

0.125 

n-EVEN 

_  i 
’  p 

/(2JLD)  \ 

0.75 

n  *  41 

U  rU 

p 

0.125 

Table  2-5  GENERALIZED  PROPERTIES  -  MAXIMAL  LENGTH  CODES 


Linear  Shift 

Registers 

Nonlinear  Shift 

Registers 

Gold  Codes 

Period  for  n-Stages 

2n-l 

2n 

2"'-  l 
n'  •  n/2 

Cycle  and  Add  Property 

Yes 

No 

Yes 

Autocorrelation  Function 

Tvo- Level 

Cannot  be  Two -Level 

4  -  Level 

Nvnsber  of  Codee  of  Period 

2n-l  oi  2n 

n  .  Ki"- n  < 

n  -  n 

For  2n-l  -  8191.  N-630 

2n 

2" 

2n'+  1 

8193 

Where  0(a)  le  the  nuaber  of  integer*  relatively  prime  to  m 


Thus  the  advantage  of  the  Cold  codes  is  not  simply  a  low  cross-correlation  between 
all  members  of  the  family  but  that  there  are  a  large  number  of  codes  all  ot  similar  good 
propert ies . 

The  amplitude  spectral  density  of  a  l’N  code  is  shown  in  Figure  2-11.  If  the  1’N  code 
period  is  1021  bits  and  the  clock  rate  is  1.021  Mbps,  then  the  1'N  code  spectrum  is  a  set 
of  line  components  with  a  (sin  k f ) / k f  variation  in  amplitude  level.  The  line  components 
are,  of  course,  separated  by  the  inverse  code  period  rate  R,/P  -  1  kHz  apart  where  K  is 
the  code  clock  rate  and  1’  is  the  period.  c  *" 
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The  Hold  codes  of  the  same  period  are  composed  of  a  similar  set  of  line  components. 
However,  in  this  instance,  the  line  components  are  not  all  of  the  same  amplitude  although 
the  frequency  spacing  is  the  same.  Figure  2-12  shows  an  example  spoet  rum  for  a  code 
period  1’  -  1021.  Note  that  Instead  of  a  litre  component  power  '0  dB  down  front  the  total 
signal  power,  F  ,  as  would  be  if  we  had  1000  line  components  of  equal  power,  the  line 
component  powerlovol  varies  significantly  about  this  level. 

The  cross-correlation  between  t wo  Gold  codes  with  both  time  offset  and  doppler  offset 

i  s 


where  bar  denotes  the  time  average.  Thus  if  the  doppler  offset  is  an  Integral  multiple  ot 
the  lino  component  spacing,  the  cross-correlation  is  simply  the  amplitude  of  that  lino 
component.  Recall  that  even  with  stationary  use  the  doppler  offset  between  satellites 
can  vary  by  as  much  as  7500  He. 


Table  2-t>  summarizes  the  cross-correlation  results  for  both  zero  doppler  and  the 
worst  possible  doppler.  Note  that  the  zero  doppler  cross-correlation  changes  by  b  dB  at 
every  -  stage  increase  in  the  number  of  shift  registers.  Thus  the  zero  doppler  cross¬ 
correlation  decreases  by  b  dB  by  going  from  period  P  -  511  to  P  -  .’047  whereas  an  increase 
from  511  to  1023  causes  no  improvement . 


It  is  easily  seen,  however,  that  the  zero  doppler  condition  is  not  the  one  of  greatest 
Importance.  When  worst  case  doppler  shifts  are  considered,  the  peak  cross -correlation 
changes  by  3  dB  with  each  increase  in  code  period. 


Figure  2-13  shows  the  cumulative  probability  of  various  cross-cone  lat  Ion  interference 
levels  tor  the  GPS  C/A  code  for  various  doppler  shifts  from  f  .  ■  0  to  +  5  kHz.  Note  that 
the  4  kHz  doppler  gives  the  worst  eross-correlat ion  sldelobe  over  this  range;  however,  the 
other  doppler  shifts  give  similar  results.  These  cumulative  averages  are  termed  by 
averaging  results  for  all  1023  of  the  Gold  codes  of  period  1023  in  the  GPS  family  All 
possible  code  time  offsets  are  considered  for  each  doppler  offset  and  all  posslb\e  pairs 
of  codes  In  this  family. 


5-21 


TYPICAL  GOLD  SPECTRUM 
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FIGURE  2-12  GOLD  CODE  SPECTRUM 


Table  2-6  CROSS -CORRELATION  SIDELOBES  FOR  GOLD  CODES 


CODE  PERIOD 

Parameter 

511 

1023 

2047 

Peak  Cross-correlation  (any  doppler  shift) 

-18.6  dB 

-21.6  dB 

-24.6  dB 

Peak  Cross-correlation  ( zero  doppler) 

Probability  of  worst  case  or  near 

worst  case  cross-correlation  (zero  doppler) 

-23.8  dB 

0.5 

-23.8  dB 

0.25 

-29.8  dB 

0.  5 

Note  one  additional  point.  If  there  is  a  doppler  shift  between  two  signals,  then  the 
delay  difference  is  changing  between  codes.  For  example,  if  there  is  a  1  kHz  doppler 
shift  at  LI,  then  the  code  C/A  clock  rate  differs  by  1  kHz/1540  =  1/1.54.  Thus  the  two 
codes  will  shift  in  relative  delay  by  one  C/A  code  chip  every  1.54  sec.  Thus  by  their 
very  nature  these  sidelobes  with  doppler  shift  are  only  temporary  in  nature. 


FIGURE  0-13  CUMULATIVE  PROBABILITY  OF  INTERFERENCE  LEVEL 
FOR  1023  bit  GOLD  CODE  AT  1.023  *b.>s 
(COURTESY  H.  CHANG.  STANFORD  TELECOMMUNICATIONS  INC.) 


SECTION  3 


CPS  SIGNAL  TRACKING  AND  ACQUISITION 


3 .  1  Introduction 

Thus  far,  the  GPS  signal  has  been  described  and  its  tolerance  to  multiple  access 
interference  has  been  discussed.  Described  as  well  is  its  lack  of  time  ambiguity  and  the 
dual  frequency  ionospheric  correction  capability. 

Vet  to  be  demonstrated,  however,  is  the  accuracy  of  the  receiver  tracking,  the  ease 
in  acquiring  the  signal,  the  multipath  interference  and  other  interference  rejection 
performance.  In  order  to  analyze  this  performance,  it  is  first  necessary  to  describe  the 
basics  of  delay-lock  loop  receiver  operation.  There  is  no  attempt  here  to  analyze  the 
performance  of  these  receivers.  These  analyses  are  contained  elsewhere  already.*  Rather, 
the  attempt  is  to  summarize  the  key  performance  results  as  applicable  to  the  GPS  signal. 

3 . 2  Delay  Lock  Receivers 

The  receiver  must  accurately  track  the  received  GPS  signals  even  though  they  are 
received  at  low  signal  levels,  usually  well  below  the  thermal  noise  level  in  the  receiver. 

In  addition,  the  receiver  must  be  able  to  track  the  dynamics  of  motion  of  the  user  platform, 
perhaps  a  high  performance  aircraft.  As  shown  later,  these  two  contending  requirements 
can  still  be  satisfied  while  producing  the  desired  performance  accuracy. 

The  essential  elements  of  the  delay-lock  loop  (DLL)  is  the  correlator  shown  in  Fig. 

3-1.  A  received  code  is  multiplied  by  a  reference  code  time  offset  by  t<T  where  T  is  a 
code  chip  interval.  The  multiplier  output  V3  is  averaged  by  a  low-pass  filter  having  an 
integration  time  Tm  «  1/B  >>  T,  i.e.,  much  greater  than  the  chip  interval.  For  the  moment, 
the  code  period  is  assumed  to  be  essentially  infinite.  Thus,  the  output  =  RE(t)  is 

the  autocorrelation  function  of  the  code.  The  correlator  output  itself  is  not  sufficient 
for  code  tracking,  however,  it  does  not  provide  an  indication  of  the  sign  of  the  delay 
error  of  a  tracking  reference  signal. 
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Figure  3-2  shows  a  simplified  design  of  a  coherent  delay-lock  loop  where  the  received 
signal  has  been  converted  to  the  baseband  code  and  the  data  modulation  is  absent.  For 
purposes  of  this  discussion,  assume  that  the  initial  delay  error  has  somehow  been  decreased 
to  the  vicinity  of  zero. 

In  the  delay- lock  loop  the  outputs  and  °f  early  and  late  correlation  are  sub¬ 
tracted  to  form  a  correlation  signal,  V,(t) ,  which  is  then  used  to  drive  a  voltage- 
cont rol led-osci llator  (VCO)  or  clock.  This  clock  in  turn  drives  the  PN  generator  in  such 
a  manner  that  if  the  clock  is  lagging  in  phase,  the  correction  signal,  V,,  drives  the 
clock  faster  and  the  reference  code  speeds  up  and  runs  in  coincidence  with  the  received 
signal.  Thus  the  reference  code  is  tracking  the  received  code.  The  epoch  time  ticks  are 
then  a  measure  of  the  received  signal  time.  The  receiver  also  contains  a  coincident  or 
punctual  channel  as  is  shown  in  the  top  portion  of  the  block  diagram  in  Fig.  3-2. 
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If  the  received  signal  deLay  increases  suddenly  because  of  user  platform  motion  the 
delay  error  increases  momentarily  and  the  correction  signal  increases  from  zero.  The 
reference  code  then  slows  down  and  increases  its  delay  until  it  matches  the  received 
signal  at  which  point  the  correction  signal  decreases  to  zero  again.  Thus  it  is  clear 
that  given  an  initial  small  error  (|i  >-  1.5T,  the  locked-on  state)  and  sufficiently  slow 

dynamics  of  delay  change  relative  to  the  filter  bandwidths  the  delay-lock  loop  will  track 
the  incoming  signal. 

If  additive  noise  is  present  at  the  input  the  form  of  the  correction  signal  of  Fig. 
3-2  does  not  change,  however  there  is  additive  noise  on  top  of  this  correction  component. 

If  data  modulation  is  present  at  a  low  rate  the  outputs  and  V,,  are  replaced  by 
V.D(t)  and  V,D(c).  Since  the  data  is  +  1  the  data  effect  can  be  removed  (not  without  a 
noise  degrauStion)  by  taking  the  magnitude  of  Vj  ,  V.,  prior  to  the  subtractor. 

The  actual  received  signal  of  course  arrives  at  the  receiver  at  RF  and  has  data 
modulation  in  addition.  One  can  generate  a  coherent  carrier  for  the  down-conversion 
operation  as  shown  in  Fig.  3-3.  Note  that  if  one  is  accurately  tracking  the  code  the 
punctual  channel  output  contains  a  BPSK  signal.  A  X2  multiplier  followed  by  a  phase- 
locked  loop  can  then  recover  the  pure  carrier. 
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After  carrier  recovery  the  recovered  baseband  code  P(t)  can  then  be  fed  to  the 
coherent  delay-lock  loop  for  code  tracking.  Thus  if  one  can  once  get  the  reference  code 
delay  to  match  closely  the  received  signal  code  delay  one  can  recover  both  the  carrier  and 
the  code . 

An  alternative  to  this  operation  is  to  use  a  noncoherent  delay-lock  loop  as  shown  in 
Fig.  3-4.  In  this  instance  the  coherent  correlators  of  Fig.  3-2  are  replaced  by  non¬ 
coherent  bandpass  correlators  followed  by  envelope  detectors.  The  outputs  of  each  of  the 
multipliers  in  this  instance  contain  a  narrowband  bandpass  signal  at  the  IF  frequency  of 
the  form 

D(t)V1  D(t)V1(t)cos(w1t+0)  (3-1) 

The  bandpass  filter  (BPF)  is  the  bandpass  equivalent  of  the  integrator  (finite  memory)  and 
has  sufficient  bandwidth  to  pass  only  the  combination  of 

•  Residual  doppler  frequency  uncertainty  or  frequency  drift 

•  Data  modulation 

The  IF  bandwidth  should  be  made  narrow  enough  to  reject  as  much  of  the  noise  as  possible. 
The  output  of  the  BPF  is  then  envelope  detected  to  remove  the  data  modulation.  Subtraction 
of  the  two  components  then  gives  an  error  signal  as  in  Fig.  3-2  or  something  similar. 

It  is  easily  seen  that  the  noise  performance  of  these  loops  is  improved  by  decreasing 
the  loop  bandwidth  to  as  small  a  value  as  possible.  However,  beyond  a  certain  limit  this 
improvement  causes  a  serious  degradation  in  the  dynamic  tracking  performance  of  the  loop. 


I _ J 


FIGURE  3-4  NONCOHERENT  DELAY  LOCK  LOOP  (DLL) 


t  Dither  Delay  Lock  Loop 

The  t  dither  loop  shown  in  Fig.  3-5  is  a  useful  variation  of  the  delay  lock  loop.  In 
this  variation  the  early  and  late  channels  are  processed  in  time  sequence  rather  than  in 
parallel.  The  dither  or  time  multiplexing  rate  must  be  large  compared  to  the  overall  loop 
bandwidth  but  not  so  large  so  as  to  widen  substantially  the  bandpass  filter. 

Although  the  t  dither  loop  in  general  does  not  perform  quite  as  well  as  the  delay- 
lock  loop  it  has  an  implementation  advantage  in  that  it  requires  only  a  single  channel 
correlator  and  still  often  has  good  performance. 

3 . 3  Receiver  Tracking  Performance 

The  tracking  error  of  the  receiver  operating  on  the  GPS  code  has  two  major  components, 
transient  error  caused  by  imperfectly  tracking  the  user  dynamics,  and  noise  error  caused 
by  thermal  noise. 

Transient  Errors 


In  order  to  model  the  dynamics,  we  assume  the  receiver  is  on  an  airborne  platform 
where  the  radial  range  has  a  control  stick  jerk  from  Og  to  a  5g  steady  state  acceleration. 
The  acceleration  transient  is  shown  in  Fig.  3-6. 


FIGURE  3-5  T  -DITHER  CODE  TRACKING 
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FIGURE  J-R  NOtSE  TRACKING  ERROR  IN  TNI  MEAT  10CK  LOOP  VS 
RECEIVED  CARRIER-TO-NOISE  DENSITY  RATIO 


As  already  discussed  the  IF  bandwidth  must  be  able  to  pass  the  data  modulation 
undistorted  and  tolerate  any  residual  doppler  frequency  offset.  Since  the  data  modulation 
is  50  Hz,  the  PSK  data  bandwidth  is  100  Hz  anti  adding  a  doppler  residual  might  give  an 
bandwidth  on  the  order  of  1  kHz.  Note  from  Fig.  3-4  that  with  a  carrier-to-noise  density 
ratio  C/N  -  30  dB-Hz  the  thermal  noise  rms  tracking  error  is  only  7  ft.  This  error 
compares  With  a  4,5  ft  rms  error  if  the  IF  bandwidth  had  been  reduced  to  10  Hz  or  a 
coherent  loop  had  been  employed. 

Combined  Tracking  Error 

Finally  Fig.  3-10  shows  the  sum  of  the  maximum  dynamic  tracking  error  i  _.  plus  the  rms 
thermal  noise  error  oT  vs  B,  for  various  C/N  .  Note  "that  for  B,  -  3  Hz  thisuerror  is 
e  -  eD  +  oT  -  10  ft.  1  L  °  L 

If  one  assumes  a  l’DOP  of  3.0  then  the  position  error  for  this  condition  is  30  ft  and 
we  have  satisfied  our  original  position  error  objective. 

Table  3-1  summarizes  the  performance  equations  for  the  second-order  code  tracking 

loop. 

3.4  Received  Carrier/Noise  Density  Ratio  C/N^ 


The  received  C/N  is  a  key  parameter  in  the  system  performance  analysis.  The  received 
signal  level  to  a  0  dBIC  antenna  has  already  been  stated.  The  noise  density  of  the  re¬ 
ceived  signal  is  kT  where  k  is  Boltzmanns  constant  -198.6  dBm/°k-Hz  and  T  is  the 
equivalent  noise  temperature  of  the  receive  system.  To  the  received  signal^evel  we  must 
add  losses  in  the  antenna  to  receiver  link,  correlation  loss,  etc. 

An  example  calculation  of  the  received  C/N(i  is  given  in  Table 


3-2. 


LOOP  BANDWIDTH  Hz 

FIGURE  3-10  COHERENT  DLL  TRACKING  ERROR  DUE  TO  DYNAMICS  AND  NOISE 


Table  3-1  DELAY  - LOCK  LOOP  PERFORMANCE  SUMMARY 


DYNAMICS 

T 

SB 

112  'J  Tc 

-  - 2 — -  FOR  CONSTANT  DOPPLER  RATE, 

4  BL  i  -  DOPPLER  RATE. 

Tc  -  chip  period.  (ACCELERATION) 

NOISE 

V 

.  No  BL  [.  +  2  1 

THRESHOLD 

r 

ss 
T — 

+  3c  -  .9 

c 

1 

Table  3-2  Typical  received  C/N  calculation 

o 

for  the  C/A  signal 


Received  carrier  power  (C/A)  -160  dBw-Hz 

Cable/Filtar  Losses  -l  dB 

Correlation  Loss  -l  dB 


Net 

Effective  C 

-162  dBw 

k 

Boltzmanns 

Constant 

-228,6  dBw/°k-Hz 

T.9 

Equivalent 

Noise  Temp.  °K 

♦  28  dB 

No 

-200.6  dBw/°k-Hz 

C/N  38.6  dB-Hz 


“>  30 


The  system  noise  temperature 
system  loss,  ambient  temperature  T 


T  is 
o'  *nd 


related  to  the  antenna  temperature  T  .  antenna 
receiver  noise  figure  K  by  the  equatfon 


T 

eq 


T  +  1.-1  T  +  (F-l)T 
a  — y —  o  o 

i r  L 


This  C/N^  «  +38. b  dB-Hc  is  then  the  effective  C/N^  for  the  C/A  signal  in  this  example. 
This  result  can  be  used  in  the  previous  calculations  to  determine  performance  and  perfor¬ 
mance  margin. 


3.5  Data  Demodulation 


Once  the  code  tracking  has  been  accomplished  by  the  delay-lock  loop,  the  Bl’SK  data  at 
50  bps  can  be  recovered  in  the  punctual  channel  as  shown  in  Kig.  3-11.  The  received 
signal,  either  the  1'  or  C/A  code  signal  is  fed  to  a  mixer  where  it  is  correlated  with  the 
punctual  code  p(t-t)  sin  uit . 
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The  output  of  this  mixer/bandpass  correlator  is  then  the  Bi’SK  data  signal  plus 
additive  thermal  noise.  This  signal  is  then  demodulated  by  a  conventional  Bl'SK  demodulator 
as  shown  in  Fig.  3-12.  The  filtered  IF  signal  is  first  fed  to  either  a  X  2  multiplier  or 
a  Costas  loop  as  shown.  The  recovered  coherent  carrier  then  is  mixed  with  the  IF  signal 
and  the  baseband  output  is  the  50  bps  data  stream  plus  noise.  Data  detection  is  then 
performed  by  bit  synchronisation  and  data  detection  with  an  integral e-and-dump  filter  or 
comparable  data  detector. 

Figure  3-13  shows  a  simplified  receiver  block  diagram  for  a  Cl'S  signal  C/A  code.  The 
block  diagram  shows  both  the  code  tracking  and  carrier  tracking/data  demodulation  func¬ 
tions.  Not  shown  are  the  code  acquisition,  data  demultiplexing  and  l’-code  handover  func¬ 
tions.  (For  a  detailed  discussion  of  performance  of  Bl’SK  data  detection  see  Spilker, 

1977,  Chapters  11,  12.) 

3 .  b  Search  and  Acquisition  of  Cl’S  Codes 

The  tracking  performance  discussion  of  the  GPS  signals  has  assumed  that  somehow  the 
reference  code  tracking  error  has  been  decreased  to  less  than  +1  code  chip  error.  Ini¬ 
tially  however  the  user  receiver  may  have  little  knowledge  of  its  exact  position  and  there 
may  be  a  significant  uncertainty  as  to  the  relative  doppler  offset.  With  the  C/A  code 
however  there  are  a  limited  number,  1023,  of  code  chips  in  the  period;  hence  even  with  no 
initial  knowledge  of  position  relative  to  the  satellite,  one  need  only  search  a  maximum  of 
1023  code  chips.  The  maximum  residual  doppler  uncertainty  is  a  combination  of  the  satel¬ 
lite  radial  velocity  and  the  user  velocity  minus  any  predict  ion  of  these  parameters  avail¬ 
able  to  the  user. 
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Figure  3-14  shows  the  time- frequency  uncertainty  region.  Each  cell  has  a  width  of  1 
chip  in  time  and  a  frequency  width  of  1  IK  bandwidth.  As  an  example  the  C/A  chip  width  is 
approximately  1  usee  and  the  IF  bandwidth  may  be  on  the  order  of  1  kHr. .  The  overall  time 
uncertainty  AT  is  then^l023  iisec  and  the  frequency  uncertainty  may  be  perhaps  10  kHz. . 

Thus  there  are  some  10  t  inie- frequency  cells  to  search.  One  must  also  account  for  the 
effect  of  doppler  on  the  time  cell.  If  doppler  is  present  significantly,  the  signal  time 
cell  is  itself  changing  with  time. 

Figure  3-14  also  shows  a  typical  noncoherent  code-frequency  search  detector.  The 
search  operation  essentially  scans  all  frequency  cells  in  the  uncertainty  region,  measures 
the  output  power  in  the  IF  bandwidth,  and  integrates  the  power  and  compares  with  a  fixed 
or  variable  threshold.  When  a  cell  is  found  which  exceeds  threshold,  and  it  can  be  checked, 
e.g.  3  out  of  4  times,  then  an  in-lock  condition  is  declared  and  search  is  stopped. 

Figure  3-15  shows  the  power  spectra  for  the  noncoherent  lock  detector  where  P 
represents  the  power  in  the  bandwidth  compressed  signal.  s 

Code  search  must  really  be  performed  in  half  chip  increments  in  order  to  avoid 
missing  the  correlation  peak  as  shown  in  Fig.  3-lb.  if  one  searches  in  half  chip  incre¬ 
ments  then  even  at  worst  the  cross-correlat Ion  is  at  least  0.75  of  its  maximum  voltage 
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FIGURE  3-15  NONCOHERENT  IN-LOCK  DETECTOR  -  POWER  SPECTRA 


For  a  probability  of  detection  P^  =  0.9  and  a  false  alarm  probability  0.005,  the 
search  rate,  SR,  in  cells/sec  is  approximately 

SR  =  C/22NQ  with  a  IF  bandwidth  of  22SR.  (3-2) 

Thus  if  C/Nq  =  33  dB  or  2000  then  SR  =  90  or  45  chips/sec.  The  doppler  uncertainty 
tolerated  is  approximately  +  1  kHz  or  2  kHz  total.  Thus  it  takes  approximately  22  sec  to 
search  the  entire  C/A  code  period  with  a  single  2  kHz  frequency  segment.  Search  of  addi¬ 
tional  frequency  uncertainty,  e.g.  +  4  kHz  would  take  88  sec.  Thus  acquisition  of  the  C/A 
code  even  with  significant  frequency  uncertainty  can  be  accomplished  in  90  sec  max.  or 
with  an  expected  acquisition  time  of  45  sec. 

The  total  acquisition  time  for  4  satellites  can  be  this  same  value  if  4  parallel 
receivers  are  employed  or  4  times  this  large  if  a  single  receiver  is  time  sequenced  over 
the  four  satellites. 
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FIGURE  3-16  ACQUISITION  COOE  SEARCH 


3 . 7  Multipath  and  Interference  Effects 
Multipath  Reflection 

Multipath  signals  can  have  a  significant  amplitude  relative  to  the  desired  direct 
ray,  particularly  when  the  user  is  over  water.  Figure  3*17  shows  the  dependence  of  multi- 
path  differential  delay  on  elevation  angle  0  and  user  altitude  h.  The  relationship  is 

AT  =  2h  sin  0  >  h  for  0  >  0.1  rad.  (3-3) 

c  5c 

The  multipath  signal  acts  the  same  as  noise  of  the  same  power  if  the  delay  difference 
AT  is  >  1.5  usee  for  the  C/A  code  or  150  nsec  for  the  P-code  and  the  user  receiver  is 
already  tracking  the  desired  signal. 


FIGURE  3-17  MULTIPATH  DELAY  VS  ELEVATION  ANGLE  AND  USER  ALTITUDE  h 


Figure  3-18  shows  the  P-code  multipath  tracking  error  for  ratios  of  multipath  signal- 
to-desired  signal  of  0.2,  0.6,  1.0.  Region  1  is  the  normal  operating  region  where  the 
signal  is  initially  properly  tracking  the  desired  signal.  Region  2  shows  the  performance 
where  the  receiver  is  offset  to  track  the  multipath  rather  than  the  desired  signal.  Note 
that  for  a  multipath  ratio  of  0.6  the  worst  case  error  is  only  about  8  ft  in  Region  1. 


Note  that  the  multipath  effects  for  the  P-code  are  rather  unlikely  since  one  has  to 
have  a  combination  of  low  altitude  and  low  elevation  angle.  For  example,  in  order  to  have 
c(AT)  =  150  ft  >  h  or  h  <  750  ft  even  at  low  elevation  angles.  For  the  C/A  code  there  are 
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significant  multipath  effects  even  at  h  -  7500  ft  altitude  if  the  elevation  angle  is  only 
•  Nevertheless  even  for  the  C/A  signal  we  have  obtained  a  large  improvement  in  multipath 
rejection  relative  to  many  alternative  signals. 
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CW  Interference  Effects 


Unintentional  narrowband  CW  interferences  of  very  low  power  are  a  likely  occurrence. 
These  signals  could  severely  degrade  any  narrowband  CW  signal  at  the  same  frequency.  How¬ 
ever.  the  GPS  receiver  spreads  the  power  in  these  CW  tone  interferences  out  over  the  2  MHz 
or  20  MHz  for  the  C/A  and  P-code  receivers,  respectively. 

Thus  if  we  have  a  narrowband  interference  of  power  PT  the  effective  C/N  of  the 
receiver  is  to 


(C/N  ) 


eff 


(ir/o  +  (Pj/cr.) 


c/no 

r  +Tl'RcNo 


(3-4) 


where  R  is  the  code  clock  rate.  Thus  in  order  for  the 
cant  it  must  be  60  dB  or  70  dB  above  the  receiver  noise 
respectively.  Thus  there  is  a  substantial  tolerance  to 


interference  power  to  be  signifi- 
density  for  the  C/A  and  P-codes, 
these  low  level  CW  interferences. 
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SUMMARY 

The  GPS  Users  continuously  receive  navigation  information  from  the  GPS  Space  Vehicles  in  the 
form  of  data  bits  modulated  on  the  received  signals.  This  information,  which  is  computed  and  controlled 
by  the  GPS  Control  Segment,  includes  the  vehicle's  time,  its  clock  correction  and  ephemeris  parameters, 
almanacs  and  health  for  all  GPS  Space  Vehicles,  and  text  messages.  From  this  information  the  Users 
compute  the  Space  Vehicle’s  precise  position  and  clock  offset  and  less  precise  positions  and  clock  offsets 
of  Space  Vehicles  yet  to  be  acquired. 

The  GPS  Navigation  Message  design  process  included  numerous  trade  studies  which  weighed 
various  representations  and  algorithms  against  variables  such  as  message  size,  accuracy,  update  fre¬ 
quency,  User  computational  requirements,  and  legacy  for  the  operational  GPS.  Other  factors  such  as 
graceful  degradation  and  future  User  requirements  were  also  considered.  Finally,  upon  selecting  the 
appropriate  design  structure,  the  design  was  fine  tuned  to  its  final  form  and  User  algorithm  implemen¬ 
tation  trade-offs  were  performed.  The  representation  algorithms  and  User  algorithms  were  jointly 
tested  using  a  simulated  Space  Vehicle  ephemeris  trajectory  and  Space  Vehicle  clock.  The  results  of 
these  tests  demonstrate  that  the  User  models  represent  the  simulated  ephemeris  and  clock  to  within 
0.  01  meters  with  precise  parameters,  and  to  within  0.  1  meters  with  truncated  parameters. 

I.  INTRODUCTION 

The  GPS  Navigation  Message  is  the  information  supplied  to  the  GPS  Users  from  a  GPS  Space 
Vehicle.  It  is  in  the  form  of  a  50  bit  per  second  data  bit  stream  that  is  modulated  on  the  GPS  navigation 
signals.  This  signal  data  allows  the  User  to  navigate  successfully  with  the  GPS.  It  carries  Space 
Vehicle  ephemerides,  system  time.  Space  Vehicle  clock  behavior  data,  transmitter  status  information 
and  C/A  (Clear /Acquisition)  to  P  (Precision)  signal  handover  information.  The  data  stream  is  common 
to  both  the  P  and  C/A  signal  on  both  the  Lj  and  L2  frequencies. 

The  data  message  is  contained  in  a  data  frame  that  is  1500  bits  long.  It  has  five  subframes, 
each  of  which  contains  system  time  and  the  C/A  to  P  handover  information.  The  first  subframe  contains 
the  Space  Vehicle's  clock  correction  parameters  and  ionospheric  propagation  delay  model  parameters. 

The  second  and  third  subframes  contain  the  Space  Vehicle's  ephemeris.  The  fourth  subframe  contains  a 
message  of  alphanumeric  characters.  The  fifth  subframe  is  a  cycling  of  the  almanacs  of  all  Space 
Vehicles  (one  per  frame)  containing  their  ephemerides,  clock  correction  parameters  and  health.  This 
almanac  information  is  for  User  acquisition  of  yet  to  be  acquired  Space  Vehicles. 


The  purpose  of  this  chapter  is  to  present  the  design  of  this  GPS  Navigation  Message,  the 
rationale  behind  the  design  and  its  impact  on  the  Users. 

n.  GPS  NAVIGATION  MESSAGE  REQUIREMENTS 


The  User  Navigation  Solution 


A  GPS  User  three-dimensional  navigation  fix  requires  pseudo- range  measurements  from  four 
GPS  Space  Vehicles,  with  time  being  the  fourth  solution  variable.  The  concept  of  these  pseudo-range 
measurements  is  simplified  and  illustrated  in  Figure  1.  These  measurements  are  defined  as  the  transit 
times  of  the  Space  Vehicle's  generated  signals  as  observed  by  the  User  and  scaled  by  the  speed  of  light 
(c).  Using  GPS  time  as  a  reference,  the  true  transit  times  are  those  between  the  GPS  transmit  times 


and  the  GPS  receive  times.  They  represent  the  true  slant  ranges  except  for  propagation  delays 
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where  tjj  is  GPS  receive  time,  assumed  to  be  simultaneous  from  all  Space  Vehicles  i  ,  t_,  are  the 
GPS  times  of  transmission  and  \t  ^  are  the  propagation  delays.  1 

The  corresponding  pseudo- ranges  are 

R.  R.  ♦  c  At.  +  c  (  \t  -  \t  .  )  c  (UT  -  t_  )  ;  i  1 .  4  (2) 
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where  \tu  is  the  User's  clock  offset  from  GPS  time,  the  \ts  are  the  Space  Vehicle  i  clock  offsets, 
UT  is  User  receive  time  defined  as  ' 
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are  the  Space  Vehicle  i  transmit  times  defined  as 
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The  User  must  solve  for  four  unknowns.  These  are  his  position  coordinates  X,  Y,  and  Z 
(earth-fixed  earth- centered)  and  his  clock  offset  \tu  .  Expanding  Eq.  (2)  expressing  the  pseudo¬ 
ranges  in  terms  of  these  unknowns  yields 


R  (X  -  X'2  .  (Y  -  Y)2  +  (Z  -  Z)2  +  c  At.  +  c  (  At  -  At  )  ;  i  1 .  4  (5) 
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There  are  twenty  other  unknowns  in  these  four  equations  that  must  be  defined  before  X,  Y,  Z  and  \t 
can  be  found.  u 

The  \tA  are  estimated  by  the  User  by  measuring  the  pseudo- ranges  at  two  frequencies 
(ionosphere  delay  corrections)  and  estimating  troposphere  delays  based  on  geometry  and  altitude.  The 
X8  .  Ys  .  Zs  .  and  \ts  must  be  computed  by  the  User  from  information  provided  to  him  via  the  GPS 

Navigation  Message.  This1  is  one  purpose  of  the  GPS  Navigation  Message. 

Space  Vehicle  Signal  Acquisition 

If  a  User  has  an  a  priori  knowledge  of  the  pseudo-range  to  a  Space  Vehicle  to  within  about 
10,  000  to  20,  000  meters,  he  can  acquire  the  Space  Vehicle's  "P"  signal  directly  in  a  specified  amount 
of  time.  Direct  P  code  acquisition  is  possible  for  the  User  who  has  a  stable  time  reference  and  has  an 
approximate  knowledge  of  his  position.  It  is  useful  if  he  doesn't  have  time  to  normally  acquire  the  Space 
Vehicle's  Clear  Acquisition  "C  A”  signal  so  as  to  handover  to  P  code  tracking.  It  is  also  useful  for 
reacquisition  or  when  the  User  is  navigating  and  wishe.  to  change  Space  Vehicles.  In  fact,  direct  acqui¬ 
sition  is  the  normal  mode  in  these  cases. 

Equation  (5)  will  yield  this  approximate  pseudo- range  provided  that  the  User  has  a  knowledge  of 
his  position  and  time  as  well  as  the  knowledge  of  the  Space  Vehicle's  position  and  time.  The  atmospheric 
delays  could  be  neglected.  The  Space  Vehicle's  position  and  time  must  be  computed  before  acquisition. 
Therefore,  the  information  for  this  computation  must  be  collected  from  other  Space  Vehicles  or  from 
the  same  vehicle  at  a  previous  time.  This  information  is  provided  to  the  User  via  the  GPS  Navigation 
Message.  Each  Space  Vehicle  provides  an  almanac  for  aH  Space  Vehicles.  This  is  another  purpose  of 
the  GPS  Navigation  Message. 

Specified  Requirements 

The  GPS  System  Level  Specification'"  specifies  the  signal  data  of  the  GPS  Navigation  Signal 
Structure.  This  specification  was  the  basis  for  the  GPS  Navigation  Message  design.  However,  it  has 
evolved  through  Specification  Change  Notices  as  the  message  design  has  evolved 

Originally,  the  specification  was  written  in  fairly  general  terms  with  respect  to  some  of  the 
contents  of  the  data,  while  quite  specific  on  other  contents.  It  is  not  surprising,  however,  that  only  the 
more  general  specifications  still  apply.  The  first  sentence  is  still  intact  except  for  an  addition  of  the 
won!  "shall".  It  states:  "The  signal  data  shall  allow  the  User  to  navigate  successfully  with  GPS.  "  Of 
course,  this  statement  is  the  top  level  requirement  All  the  other  requirements  of  the  original  specifi¬ 
cation  were  only  guidelines  for  the  design  along  with  some  constraints  imposed  by  completed  signal 
structure  or  Space  Vehicle  design.  These  constraints  were: 
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1)  The  data  rate  shall  be  50  bps. 


2)  Each  data  frame  shall  have  lengths  of  600,  900,  1200,  1500,  or  1800  bits.  (It  is  now  fixed  at  1500 
bits. ) 

3)  Each  data  frame  shall  contain  handover  words  (HOW),  and  telemetry  words  (TLM).  The  HOW  and 
TLM  shall  be  generated  on-board  the  Space  Vehicle.  Parity  bits  shall  be  generated  by  the  Space 
Vehicle.  Each  HOW  shall  be  spaced  6  seconds  apart  uniformly  throughout  the  frame  and  shall  contain 
system  time.  The  TLM  shall  be  used  to  indicate  the  status  of  the  data  uploading  operation  while  it  is 
in  progress.  A  synchronization  pattern  and  a  within-frame  identifier  shall  be  in  the  HOW  and  or 
TLM  words.  (The  synchronization  pattern  was  specified  to  be  in  the  HOW,  but  ended  up  in  the  TLM.  ) 

4)  The  total  number  of  bits  required  in  Space  Vehicle  memory  shall  be  approximately  100  K  bits. 

There  were  many  other  "thought  to  be"  constraints  that  were  changed  during  the  design  process. 

As  a  result,  the  current  system  specification  reflects  "derived"  requirements  rather  than  specified 
requirements.  This  set  of  "derived"  requirements  is  really  the  Navigation  Message  design  presented 
here. 

in.  THE  TLM  AND  HOW  WORDS 

Originally,  the  content  of  the  TLM  and  HOW,  their  order  of  appearance  (HOW  first,  followed  by 
TLM)  and  their  size  were  specified.  The  HOW  was  specified  at  56  bits  and  the  TLM  at  24  bits  for  a  total 
of  80  bits  not  including  parity.  They  have  been  compacted  to  two  24  bit  words  plus  parity,  thus  allowing 
more  space  in  the  message  for  navigation  data. 

The  data  frame  is  now  made  up  of  five  subframes  of  300  bits  each.  Each  subframe  consists  of  10 
words  of  30  bits  each.  The  first  two  words  are  the  TLM  and  HOW,  which  are  generated  by  th<  Space 
Vehicle.  The  remaining  eight  words  of  each  subframe  are  User  navigation  data  generated  by  the  Control 
Segment. 

The  TLM  contains  an  eight  bit  preamble  (the  synchronization  pattern),  14  bits  of  TLM  message, 

2  non-information  bearing  bits  and  6  bits  of  parity.  The  TLM  message  contains,  at  the  appropriate  time, 
primary  upload  status  messages,  diagnostic  messages,  and  other  messages,  including  roll  momentum 
dump  Z-count  (Space  Vehicle  time  of  roll  momentum  dump). 

The  HOW  contains  a  17  bit  Z-count  (Space  Vehicle  time  at  the  leading  edge  of  the  next  subframe), 
a  one-bit  synchronization  flag,  a  three  bit  subframe  identification,  two  non-information  bearing  bits,  and 
six  bits  of  parity.  The  synchronization  flag  is  an  indicator  to  the  User  that  the  data  frame  may  not  be 
aligned  with  the  XI  Code  Epoch.  The  probability  of  this  occurring  is  quite  remote. 

The  Space  Vehicle  generates  the  parity  on  these  two  words.  The  Phase  I  Space  Vehicles  will  not 
generate  the  parity  on  the  other  eight  words:  later  Space  Vehicles  may.  The  parity  is  a  (32,  26)  Hamming 
Code,  thus  the  parity  overlaps  the  words.  To  account  for  this,  the  Space  Vehicle  "wastes"  two  bits  each 
in  the  TLM  and  HOW  so  they  are  not  linked  with  the  other  words.  In  later  Space  Vehicles,  these  4  bits 
can  contain  information. 

The  parity  algorithm  ill  not  be  discussed  in  this  chapter.  It  is  described  in  detail  in  Reference  2. 
IV.  DATA  BLOCK  1  -  SPACE  VFHICLE  CLOCK  CORRECTIONS 

Data  Block  1  appears  in  the  first  subframe,  repeating  itself  every  30  seconds.  It  is  generated  by 
the  Control  Segment  and  contains  frequency  standard  corrections,  an  associated  Age  of  Data  (AODC)  word 
and  ionospheric  propagation  delay  model  coefficients.  The  ionospheric  delay  model  is  for  single  frequency 
Users  and  will  not  be  discussed  in  this  chapter,  as  it  is  presently  an  experimental  model.  A  discussion 
of  the  Space  Vehicle  clock  corrections  follows. 

Space  Vehicle  Clock  Drift  Characteristics 

The  purpose  of  the  clock  correction  parameters  is  to  provide  the  Users  with  a  description  of  the 
Space  Vehicle's  time  offset  from  GPS  time.  This  offset  is  not  constant  because  the  Space  Vehicle’s  fre¬ 
quency  standards  have  definite  drift  characteristics.  These  drift  characteristics  determine  (in  part)  how 
the  time  offset  should  be  represented  and  presented  to  the  Users.  Reference  3  presents  a  detailed  descrip¬ 
tion  of  GPS  time  and  its  relationship  to  Space  Vehicle  time. 

During  Phase  I  of  GPS  the  frequency  standards  will  be  of  the  Rubidium  type  and  of  the  Cesium  beam 
type.  The  Rubidium  standards  exhibit  deterministic  drift  characteristics  on  the  order  of  a  first  derivative 
of  frequency  (drift  rate)  or  a  second  derivative  of  phase  (phase  =  time  offset).  At  times  in  transient  sit¬ 
uations  (caused  by  temperature  variation,  frequency  adjustment  or  turn-on)  they  exhibit  higher  order 
derivatives.  However,  these  higher  order  effects  can  be  neglected  over  short  intervals  of  time.  Random 
drift  characteristics  are  not  predictable,  they  only  corrupt  one's  ability  to  estimate  and  predict  the 
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deterministic  drift  and  cause  some  of  the  higher  order  derivatives  to  drift.  Cesium  beam  standards 
normally  don't  exhibit  higher  order  deterministic  drifts  in  frequency  over  the  time  periods  of  interest. 
They  can  be  characterized  as  a  frequency  offset  plus  random  variations  in  frequency.  Any  other  charac¬ 
teristics  are  only  observable  over  very  long  periods  of  time  (a  day  or  two). 

General  Relativistic  Effects  on  Space  Vehicle  Clocks^’  ^ 

It  is  necessary  to  correct  Space  Vehicle  time  for  drift  due  to  general  and  special  relativity.  These 
drifts  arise  from  the  fact  that  the  Space  Vehicle  clocks  are  located  at  different  gravitational  potentials 
than  the  GPS  Users  and  are  traveling  at  much  higher  velocities.  The  relativistic  effects  cause  apparent 
shifts  in  the  frequencies  of  the  clocks. 

Considering  the  orbits  of  the  Phase  I  GPS  Space  Vehicles,  there  is  the  possibility  of  two  relativity 
drift  effects  -  a  secular  drift  and  a  periodic  drift.  A  large  secular  drift  can  be,  and  will  be  removed  by 
offsetting  the  frequency  standard  frequency  prior  to  launch.  Smaller  secular  drift  is  due  to  an  off  nominal 
semi-major  axis  of  the  orbit.  A  periodic  time  variation  is  caused  by  a  non-zero  eccentricity. 

User  Algorithm  Considerations 


The  model  for  representing  the  corrections  for  the  Space  Vehicle's  time  offset  must  be  compatible 
with  drift  characteristics  and  relativistic  effects  described  above.  It  must  also  be  computationally  effi¬ 
cient  for  the  User  (including  storage:  requirements).  This  consideration  would  suggest  the  use  of  a  poly- 
nominal  expansion  representation  of  a  minimum  degree,  with  coefficients  that  require  a  minimum  multiple 
of  8  bit  bytes.  It  should  also  represent  the  corrections  over  a  long  enough  time  interval  to  minimize 
changes  in  the  data  being  transmitted,  and  overlapping  intervals  to  allow  time  for  the  User  to  collect  the 
change  in  data. 


Space  Vehicle  Clock  Correction  Representation  Model 

A  second  order  polynomial  expansion  is  ideal  to  represent  the  drift  characteristics  of  a  Space 
Vehicle  clock.  It  would  certainly  also  absorb  any  secular  relativistic  effect.  In  fact,  for  reasonable 
time  periods  a  first  order  representation  would  probably  suffice  to  describe  a  Cesium  beam  frequency 
standard's  drift,  but  not  a  Rubidium  frequency  standard's  drift. 

The  primary  problem  in  using  a  polynomial  expansion  is  to  include  the  periodic  relativistic  effect, 
which  for  the  Phase  I  GPS  orbits  could  have  an  amplitude  of  up  to  70  nanoseconds  (considering  a  maximum 
eccentricity  of  .03)  with  a  period  of  approximately  12  hours.  The  expression  for  this  periodic  effect  is 

Atf(t)  =  (-4.443  x  10  sec/\/ meter)  e  v/a  sin  Eft)  ^ 

where  e  is  the  eccentricity,  A  is  the  semi-major  axis  and  E(t)  is  the  eccentric  anomaly.  A  polynomial 
(Taylor's  series)  expansion  of  this  equation  for  a  Phase  I  GPS  orbit  with  an  eccentricity  of  .03  is  approxi¬ 
mately 

—  tr<t>  *  6.869  x  I0'S  sin  E(tQ)  +  [l.002  x  10"  1 1  cos  E(tQ)J  (t  -  tQ)  (7) 

-  ^7.307  x  I0'16  sin  E(tQ)  j  (t  -  tQ)2  -  [3.552  x  I0"20  cos  E(tQ)J  (t  -  tQ)3  ,  .  .  . 

where  t0  is  the  reference  time  of  the  representation.  tQ  is  at  the  midpoint  of  the  time  interval  to 
maximize  the  length  of  the  interval. 

To  maintain  an  accuracy  of  about  a  nanosecond,  the  second  order  term  can’t  be  neglected  for  a 
time  interval  longer  than  0.  65  hours.  The  third  order  term  can't  be  neglected  for  periods  over  1.  69  hours. 
This  is  certainly  a  reasonable  time  interval  even  allowing  for  an  overlap.  In  fact,  the  nominal  period  of 
applicability  has  been  chosen  to  be  one  hour  with  one-half  hour  of  additional  applicability  after  the  data 
has  changed. 


Thus,  the  representation  model  for  the  Space  Vehicle  clock  corrections  is  a  second  order 
polynomial  described  by  three  coefficients  a«  ,  a,  ,  and  a,  and  a  reference  time  t  .  ™)  More  spe¬ 
cifically,  the  User  will  correct  the  time  received  from  the  Space  Vehicle  with  the  equation  (in  seconds) 


where 
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a  +  aj  (t  -  tQC)  +  a2  (t  -  to/ 


(8) 


(9) 


where  t  is  GPS  time  in  seconds,  tgy  is  the  Space  Vehicle  code  phase  time  at  message  transmission 
lime  in  seconds,  tQC  is  the  Data  Block  1  reference  time  in  seconds,  measured  from  the  GPS  time  weekly 


epoch  (which  is  approximately  Greenwich  Mean  Time  Saturday  night/Sunday  morning  midnight),  and  a, 
aj  ,  and  a2  are  Data  Hlock  1  parameters.  ‘  w  ' 

Note  that  Fqs.  (8)  and  (9)  as  written  are  coupled.  As  it  turns  out,  however,  the  sensitivity  of 
\tSy  to  t  in  Fq.  (9)  is  negligible.  Thus,  the  User  may  approximate  t  by  in  Kq.  (9).  However 
since  GPS  time  spans  only  one  week,  the  value  of  t  must  account  for  beginning  or  end  of  week  cross- 
overs.  That  is,  if  the  quantity  t  -  tQ(.  is  greater  than  302.  400,  subtract  604,  800  from  t.  If  the  quan¬ 
tity  t  -  top  is  less  than  302,400,  add  004,800  to  t  . 

Include  all  general  relativistic  effects  on  the  Space  Vehicle  clock. 

J  _  U..  A I _ n _ a..  .1  ,v.  . . a  . 


The  parameters  a^  ,  aj  ,  aj  „  _  _ _  _ 

1  ,u’  secular  effects  are  not  even  corrected  for  by  the  Control  Segment,  since  they  appear  to  be  'frequency 
offsets,  and  thus  absorbed  in  the  a.  term.  The  only  restriction  is  that  the  aj  term  have  a  range  large 
enough  to  absorb  the  effect.  For  other  reasons  it  has  been  chosen  to  l>e  an  order  of  magnitude  larger 
than  even  the  nominal  secular  effect  accounted  for  in  the  Space  Vehicles  prior  to  launch  (a  frequency  cor¬ 
rection  of  -4.484  parts  in  10lu). 


The  polynomial  approximation  of  the  periodic  relativistic  effect  does  not  provide  a  model  with 
graceful  degradation  after  its  period  of  applicability.  Graceful  degradation  may  be  desirable  for  a  User 
if  Jamming  prevents  him  from  receiving  new  data,  or  if  the  Space  Vehicle  fails  to  transmit  new  data. 

1  he  User  has  the  option,  however,  to  subtract  the  correction  from  the  coefficients,  and  replace 
it  with  the  more  exact  correction  of  Fq.  (8).  That  is,  compute  the  Space  Vehicle  clock  offset  as 
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where 


K  (-  H.mii  x  I0l0sec/  meter)  c  y/  A  (14) 

M(toc)  is  the  mean  anomaly  at  time  toc  and  n  is  the  mean  motion  of  the  Space  Vehicle.  The  required 
orbital  parameters  for  the  computations  are  part  of  Data  Block  2,  which  will  be  discussed  later  The 
angle  approximations  in  Fqs.  (11),  (12).  and  (13)  (M  instead  of  F)  are  sufficiently  accurate  for  these 
corrections. 

Other  Pat  a  Block  1^  Paramete  rs 

In  addition  to  the  parameters  described  above,  Data  Block  t  also  includes  the  Space  Vehicle  clock 
correction  parameter  age  of  data  word  (AODC),  and  I.,  -  l,,  correction  parameter  for  the  single  fre¬ 
quency  Users  (T(jp))  and  eight  ionospheric  correction  parameters. 

The  age  of  data  word  (AODC)  provides  the  User  with  a  confidence  level  in  the  tyace  Vehicle  clock 
correction.  It  represents  the  time  difference  (age)  between  the  Data  Block  1  reference  time  (t  ,  )  and  the 
time  of  the  last  measurement  update  (tj,)  used  to  estimate  the  correction  parameters.  That  Is. 1 

AODC  ‘oc-'L  OS) 

Baaed  on  a  knowledge  of  the  Space  Vehicle  frequency  standard's  stability  and  the  Control  Segment's  ability 
to  predict  Its  drift,  the  User  can  model  a  'deweighting''  function  which  deweights  a  clock  correction  com¬ 
puted  with  relatively  old  data. 

JGD  ta  provided  to  the  single  frequency  Users  as  a  correction  term  to  account  for  the  fyace 
Vehicle’s  group  delay  differential  between  Lj  and  Lj  .  This  group  delay  differential  is  the  difference 
in  the  propagation  times  of  the  two  signal  paths  prior  to  radiation  from  the  tyace  Vehicle’s  antennae. 


t>- 6 

It  is  of  no  consequence  to  the  two  frequency  Users  because  their  ionospheric  delay  corrections  are 
identical  to  that  of  the  Control  Segment.  Thus,  any  differential  is  absorbed  in  the  Space  Vehicle's  clock 
correction  coefficient  ag  .  Because  of  this,  it  is  of  consequence  to  the  single  frequency  User  who  does 
not  observe  this  differential. 

This  differential  is  specified  (in  Reference  2)  to  have  a  mean  value  that  will  not  exceed  15 
nanoseconds  with  random  variations  about  that  mean  that  will  not  exceed  1.  5  nanoseconds  (one-sigma). 

The  a<)  coefficient,  however,  absorbs  an  amplification  of  the  mean  value  through  the  ionospheric  delay 
correction  which  multiplies  the  differential  by  a  factor  of  1.  546  (approximate).  Therefore,  the  value  of 
Tgd  could  be  as  large  as  23.  2  nanoseconds.  The  random  variations  will  not  be  included  in  TGD  .  They 
would  only  be  part  of  the  error  budget  for  the  aQ  coefficient  (2.  32  nanoseconds  one-sigma). 

Tqd  estimated  by  the  Control  Segment  from  long-term  observations  of  the  ionospheric  delay 
corrections.  At  certain  latitudes  and  at  certain  times  of  the  day  and  year,  the  ionospheric  delays  are 
near  zero.  A  consistent  residual  of  these  times  is  to  be  defined  to  be  due  to  the  group  delay  differential 
and  assigned  to  TqD  • 

The  ionosphere  correction  parameters  are  for  an  experimental  model  for  single  frequency  Users 
and  will  not  be  discussed  in  this  chapter.  They  are  described  in  detail  in  Reference  2. 

Data  Block  1  Format 

Data  Block  1  occupies  the  third  through  tenth  thirty  bit  words  (including  parity)  of  the  first 
subframe.  The  third  and  fourth  words  are  spares.  The  number  of  bits,  the  scale  factor  of  the  least 
significant  bit  (LSB),  which  is  the  last  bit  received,  the  range  and  the  units  of  the  parameters  are  as 
specified  in  Table  1. 

The  last  word  in  the  subframe,  the  one  containing  ao  ,  has  two  non-information  bearing  bits,  for 
the  same  reason  as  given  for  those  in  the  TLM  and  HOW  words.  In  this  way,  is  not  linked  with  the 
TLM  word  of  the  next  subframe  through  the  parity  algorithm.  Eventually,  may  have  two  additional 
bits  of  accuracy.  .  ” 

The  scale  factors  of  the  LSBs  were  determined  from  the  maximum  sensitivities  with  respect  to 
the  parameters 
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The  RSS  of  the  maximum  errors  per  term  due  to  truncation  is  0.  59  nanoseconds.  This  is  well 
below  the  expected  prediction  error  for  Atgy  • 

The  LSB  of  toc  has  a  somewhat  different  meaning  as  it  is  defined  to  be  exactly  GPS  time.  Its 
accuracy  need  only  be  about  0.  267  seconds  to  provide  a  A  tey  accurate  to  one  nanosecond.  tQC  is  always 
selected  to  be  a  reference  time  of  a  multiple  of  16  seconds  from  GPS  weekly  epoch  prior  to  the  definition 
of  the  coefficients.  The  range  of  toc  is  one  week  less  16  seconds  since  one  week  is  the  range  of  GPS 
time.  The  range  of  the  coefficients  are  worst  case  expected  values,  or  in  the  case  of  a^  ,  the  largest 
value  that  will  be  allowed.  Space  Vehicle  code  phase  adjustments  will  be  performed  via  uploaded  com¬ 
mand  from  the  Control  Segment  to  maintain  all  Space  Vehicles'  times  to  within  976.  6  microseconds  of 
GPS  time.  This  insures  that  all  Space  Vehicles  will  be  transmitting  the  same  subframe,  the  preamble 
and  the  same  Z  Count  at  the  same  time  to  within  one  twentieth  of  a  data  bit.  These  adjustments  should 
be  required  no  more  than  three  times  a  year  for  a  normal  frequency  standard. 

The  range  of  aj  represents  the  worst  case  frequency  offset  expected,  even  if  all  redundancies 
have  been  exhausted  to  the  point  of  using  the  crystal  oscillators.  Frequency  adjustments  via  the  S-band 
telemetry  are  possible,  however,  they  will  not  be  normally  utilized. 

7 

The  range  of  ^  is  primarily  2  (=128)  times  the  LSB.  It  is  only  4.  87  times  larger  than  the 
periodic  relativity  effect  described  in  Eq.  (7).  Drift  rates  of  Rubidium  standards  should  never  be  that 
large.  The  backup  crystal  oscillators  may  have  drift  rates  that  large. 
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*(♦)  indicates  that  sign  bit  will  occupy  tlie  most  significant  bit  (MSP). 
NOTE:  All  binary  numbers  will  bo  two’s  complement. 


V.  DATA  BLOCK  2  SPACF  VFHICLF  FPHFMFRIS  RFPRFSFNTATION 

Data  Block  2  appears  in  the  second  and  third  subframes,  repeating  itself  every  30  seconds.  It  is 
generated  by  the  Control  Segment  and  contains  a  representation  of  the  transmitting  Space  Vehicle’s 
ephemeris  and  associated  Age  of  Data  (AODF)  words.  A  discussion  of  this  ephemeris  representation 
follows. 

GPS  Space  Vehic le  Orbit  Characteristic s 

The  characteristics  of  the  GPS  Space  Vehicle  orbits  are  only  summarized  here.  A  more  detailed 
discussion  appears  in  Reference  6. 

The  final  orbits  of  the  GPS  Phase  l  Space  Vehicles  are  characterized  by  an  orbital  ground  trace 
which  repeats  once  each  sidereal  day.  These  orbits  have  a  near  one-half  sidereal  day  period.  The  nom¬ 
inal  period,  including  nodal  regression  effects,  will  be  11.9661  hours  which  corresponds  to  a  semi-majo 
axis  value  of  26  5  60.  123  Km.  The  Inclination  angle  will  be  63  degrees  and  a  nominal  eccentricity  of  less 
than  0.  005  (with  an  upper  limit  of  0.  015). 

Fven  though  the  orbits  are  nominally  circular,  they  must  be  described  as  elliptical  orbits.  The 
radial  variation  in  the  orbit  (with  respect  to  the  earth)  varies  from 

r  .  A  (1  -  e)  <26427.322  Km  (19) 

min 

to 

r  =  A  (1  ♦  e)  >  26692.924  Km  (20) 

max 

for  eccentricities  greater  than  .005.  This  is  a  variation  of  265.  602  Km. 


The  eccentricity  causes  the  greatest  perturbation  from  a  circular  orbit.  However,  there  are 
other  perturbattons  from  even  the  elliptical  orbit  that  are  significant.  These  are  due  to  perturbing 
accelerations  that  will  act  on  the  GPS  Space  Vehicles.  The  approximate  values  of  these  accelerations 
are  given  in  Table  2.  Over  a  short  period  of  time,  these  forces  could  be  considered  as  linear  perturba- 
Uons  to  estlmaTe  their  effects  on  the  ephemeris.  These  effects  are  also  listed  in  Table  2  for  a  one  hour 
time  period.  Because  of  the  nature  of  these  effects  and  their  magnitude,  it  is  desirable  to  represent 
GPS  ephemerides  over  periods  of  time  no  longer  than  a  few  hours. 

The  second  zonal  harmonic  provides  the  major  perturbing  force  to  the  two  body  elliptical  orbit 
with  a  dominant  period  of  half  the  orbit  period  (that  is,  5.98305  hours).  There  also  exists  some  secular 

drift  in  the  ephemeris. 

The  next  most  predominant  forces  are  the  gravities  of  the  Sun  and  Moon.  These  forces  vary  as 
a  function  of  the  position  of  the  Space  Vehicle  in  its  orbit.  They  are  nearly  constant  over  short  intervals 
of  time.  However,  when  the  Space  Vehicle  is  at  a  position  of  its  closest  approach  to  the  moon,  there  are 
some  pronounced  variations  in  its  ephemeris. 

All  other  forces  can  essentially  be  considered  constant  over  short  intervals  of  time,  or  they  have 
a  negligible  effect.  Any  residuals  would  be  reasonable  representation  errors. 

In  summary,  the  GPS  Space  Vehicle  ephemerides  are  characterized  by  elliptical  orbits  with  both 
Deriodic  and  secular  perturbations.  The  predominant  periodic  perturbations  have  a  5.  98305  hour  period. 
CHtier^ perturbation  are  smaller  and  might  be  represented  over  short  intervals  of  time  as  simple  functions 

of  time  (l.  e. ,  constant  or  linear). 


Table  2.  Summary  of  the  Approximate  Perturbing  Forces  For  GPS  Space  Vehicles 


Maximum 

perturbing 

acceleration 

Maximum 
excursion  growth 
in  one  hour 

Source 

m/sec2 

meters 

Earth -mass  attraction 

5.  65  x  to'1 

— 

Second  zonal  harmonic 

5.3  x  to'5 

300 

Lunar  gravity 

5.  5  x  tO'6 

40 

Solar  gravity 

3  x  to'6 

20 

Fourth  zonal  harmonic 

to'7 

0.6 

Solar  radiation  pressure 

to'7 

0.6 

Gravity  anomalies 

to'8 

0.06 

All  other  forces 

to'8 

0.06 

Ephemeris  Representation  Trade  Studies  and  Results 


The  final  GPS  ephemeris  representation  evolved  through  numerous  trade  studies.  There  were 
many  criteria  to  be  considered.  Some  of  these  are  (not  necessarily  in  order  of  importance). 

1)  Users  Tlme-To-Flrst-Flx  (TTFF)  -  This  basically  is  a  function  of  how  many  subframes  are  required 
would  suffice. 

critical  if  User  computational  through-put  is  a  problem. 

3)  User  Storage  Requirements  -A  funcUor .of  bow  man> 

-<  **”“*»“  "» 

storage  requirements. 


4) 


Refresh  Rate  -  How  long  is  one  set  of  parameters  valid  before  they  must  be  replaced?  This  impacts 
the  memory  required  in  the  Space  Vehicle  as  well  as  how  often  the  User  must  collect  a  new  set  of 
parameters. 

5)  Overlap  in  Time  of  Applicability  -  This  directly  impacts  the  refresh  rate. 

6)  Accuracy  -  How  well  is  the  ephemeris  and  the  rate  of  change  of  ephemeris  represented?  Accuracy  is 
usually  directly  proportional  to  the  number  of  parameters  required  and  how  many  bytes  are  needed  to 
store  them.  Almanac  accuracy  is  also  important. 

7)  Orbital  Tolerance  -  How  well  does  the  representation  represent  off-nominal  orbits?  What  is  the  range 
of  the  parameters?  Orbital  tolerances  are  hard  to  pin  down.  That  is,  how  off-nominal  can  an  orbit 
get  before  the  Space  Vehicle  is  no  longer  useful?  Large  tolerances  require  more  bytes  of  information. 

8)  Degradation  -  Does  the  representation  degrade  gracefully  after  its  period  of  applicability,  or  does  it 
degrade  abruptly?  Degradation  of  representation  was  discussed  earlier  for  the  clock  correction  para¬ 
meters.  It  would  be  desirable  to  navigate  in  a  degraded  mode  with  "old”  parameters  if  new  ones  are 
not  obtainable. 

9)  Clock  Relativity  Compensation  -  Does  the  representation  aid  graceful  degradation  of  Space  Vehicle 
clock  corrections? 

10)  Time  for  User  to  Receive  Almanac  -  Related  to  criteria  1  and  3.  How  much  data  is  required  to 
represent  a  common  algorithm  almanac?  In  order  to  keep  the  almanac  data  to  a  minimum,  the 
almanac  representation  should  represent  multiple  orbits.  To  do  that  plus  have  a  common  representa¬ 
tion  with  the  precise  ephemeris  constrains  that  representation  considerably. 

11)  Clarity  of  the  Representation  -  Is  it  clear  to  facilitate  debugging  and  interpretation  and  can  the 
algorithm  be  extended  to  future  considerations,  to  other  computers,  etc.  ?  For  the  representation 
to  have  some  physical  meaning  enhances  the  understanding  of  its  design. 

Considering  the  above  criteria,  three  representations  or  variations  thereof  were  investigated. 
Candidate  representations  were: 

1)  Polynomials  in  time 

2)  Harmonic  expansions 

3)  Keplerian  parameters  plus  perturbations  (polynomials,  harmonics) 

Polynomials  were  considered  because  the  User  algorithm  would  be  simple,  minimizing  the 
processing  time.  Algorithm  storage  requirements  are  also  minimal,  however,  polynomials  could  never 
by  themselves  represent  total  orbits  or  multiple  orbits.  Thus,  a  separate  algorithm  would  be  required 
for  the  almanac  computations.  Thus,  other  than  the  minimal  processing  time,  polynomial  representations 
had  no  clear  advantage  over  other  candidates,  and  had  some  definite  disadvantages. 

Harmonic  expansions  around  a  circular  orbit  were  also  considered  but  not  investigated  in  depth. 
This  was  because  they  didn't  appear  to  have  any  clear  advantages  over  a  Keplerian  type  representation 
with  the  main  disadvantages  of  not  having  a  clear  physical  meaning,  making  it  difficult  to  determine  the 
range  of  the  coefficients  for  data  word  sizing.  The  coefficients  would  be  sensitive  to  position  in  an 
elliptical  orbit  and  to  unknown  orbital  tolerances. 

Keplerian  parameter  representation  provided  advantages  in  all  criteria  except  for  User 
computation  time  and  possibly,  User  storage  requirements.  The  storage  requirement  disadvantage 
tends  to  be  offset  because  this  representation  handles  the  almanac  very  well.  A  definite  advantage  was 
the  fact  that  the  Keplerian  representation  has  a  physical  meaning  -  at  least  a  familiar  one.  This  made 
it  relatively  easy  to  size  the  data  words,  even  for  off  nominal  orbits.  However,  perturbations  about  the 
Keplerian  orbit  require  additional  parameters.  Representation  candidates  for  the  perturbations  were 
polynomials  (in  time)  and  harmonic  coefficients.  The  harmonic  coefficients  have  a  more  familiar  physical 
meaning,  therefore  they  provided  a  better  representation  when  combined  with  two  secular  drift  terms. 

They  also  provided  a  more  graceful  degradation  using  "old"  parameters. 

It  should  be  clear  by  now  that  the  choice  of  representation  was  that  of  Keplerian  type  parameters 
plus  secular  drift  terms  and  harmonic  coefficients.  Table  3  summarizes  the  candidates  versus  the 
selection  criteria  described  above.  A  detailed  description  of  the  exact  choice  of  parameters  follows. 

(7) 

User  Algorithm  Considerations 


Because  the  Keplerian  representation  could  have  had  a  severe  impact  on  the  User's  computation 
time,  extensive  algorithm  manipulations  were  considered  to  optimize  the  User  algorithm  and  to  determine 
the  impact.  The  primary  emphasis  was  In  the  solution  of  Kepler's  equation 


E  (t)  =  M  (t)  +  e  sin  E  (t) 


(21) 
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Table  J.  Ephcmeris  Representation  Candidates  Versos  Selei  non  Criteria 


Polynomials 

Harmonic* 

Expansion 

Keplerian 
with  Polynomials 

Keplerian 
with  Harmonics 

No.  of  Subframes 

Jr 

2. 

2. 

2- 

Jser  Computation 
Time 

short, 

simple 

sines, 

cosines 

sines, 

cosines 

sines, 

cosines 

l  iser  Storage 
Requirements 

■WSubframos 

Smalt  algorithm 
Need  almanac 

2»Sublrdmes 
Med.  algorithm 
Same  as  alinana* 

2*  Subframes 

L  arge  olgoi  i  thm 
Same  as  almanac 

2  Subframes 

1  arge  algorithm 

Same  as  almanac 

Refresh  Rate 

Once  per  Iwtur 

Once  per  Ixmr 

Once  |\»r  fiour 

Once  per  hour 
or  longer 

Refresh  Overlap 

H  hour 

h  hour 

h  hour 

h  hour  or  longer 

Accuracy 

<  1  ft. 

Probably  OK 

<  i  it. 

<  i  it. 

Orbital  Tolerance 
Effects 

Not  clear 

Not  dear 

Handles  any 
or  bi  t 

Handles  any 
or  hi  t 

Degradation 

Abrupt 

I  •nkno*  n 

Marginal 

Graceful 

i.  lock  Relativity 

C  ompensation 

Not  compatible 

Not  compatible 

C  ompatiblc 

t'  ompatiblo 

Almanac  Subframe 

Not  compatible 

i. 

i- 

i 

Clarity 

Not  clear 

Not  dear 

Orbit-clear 

Per  tur  bat  ions - 
not  dear 

C  loar 

•  Ls  t  on  at  ed  char  act  eristics 


and  subsequent  solutions  for  the  true  anomaly 


to  a  defined  accuracy.  Other  manipulations  and  approximations  were  investigated,  consisting  mostly  of 
the  selection  of  the  best  order  of  computation  to  minimize  operations,  using  appropriate  trigonometric 
identities  and  using  small  angle  approximations  for  the  sines  and  cosines  of  the  harmonic  perturbations. 

In  these  equations,  e  is  given  and  M(t)  is  computed  easily  from  given  data.  In  general,  Kq.  (211 
is  nonlinear  in  F(t)  .  It  is  Impractical  to  solve  for  F(t)  in  any  way  except  approximately  because,  for 
e  *  0.  663,  the  exact  solution  is 


Eft)  M(t)  .  2  £  A  \  (kc)sin  [kU(t>] 
k  r  K 


(24) 


where  the  J.  are  Bessel  functions  of  the  first  kind  of  order  k  .  Therefore,  a  number  of  methods  of 
solution  were  considered  in  evaluating  the  Keplerian  representation  and  in  choosing  the  appropriate 
algorithm.  Four  factors  were  considered  (in  order  of  importance): 

1.  Accuracy 

2.  Legacy  and  Clarity 

3.  Duty  Cycle 

4.  Memory 


The  guidelines  followed  relative  to  these  factors  were: 


Accuracy.  The  algorithm  was  to  introduce  an  error  of  less  than  1  centimeter  for  eccentricities  of  less 
than  0.  63. 

Legacy  and  Clarity.  The  algorithm  was  to  be  suitable  for  implementation  on  digital  computers  with  a 
broad  range  of  architectures,  word  lengths,  instruction  sets  and  internal  speeds.  The  algorithm 
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structure  was  to  be  clear  to  facilitate  debugging  and  interpretation. 

Duty  Cycle.  e  execution  time  of  the  algorithm  was  to  be  minimized  subject  to  the  accuracy  and  legacy 
constraints. 

Memory.  Memory  was  not  to  be  wasted  but  was  to  be  traded  for  duty  cycle,  legacy  and  accuracy.  If  it 
becomes  necessary  to  save  memory  at  the  expense  of  other  factors,  clarity  was  to  be  sacrificed. 

There  are  two  basic  approaches  in  solving  the  total  set  of  Fqs.  (21)  through  (23).  One  solves  for 
F(t)  explicitly  and  then  solves  for  sine  and  cosine  of  v(t)  ,  while  the  other  solves  the  "equation  of  the 
center"’  which  contains  an  implicit  solution  of  Kepler's  equation  and  yields  the  true  anomaly  v(t)  directly 
1  he  equation  of  the  center  algorithms  generally  yield  shorter  duty  cycles,  where  the  explicit  solutions 
generally  require  less  memory. 

There  are  also  both  iterative  or  closed  form  approximations  for  each  approach.  Closed  form 
approximations  are  faster  but  use  more  memory  than  iterative  methods  for  the  same  level  of  accuracy 
They  are  also  usually  easier  to  debug,  maintain,  size,  scale  and  schedule. 

Ten  different  methods  were  evaluated.  Six  of  these  methods  were  discarded  by  inspection.  The 
remaining  four  were  tested  against  the  four  factors  given  above.  Two  of  these  were  tested  with  modifi¬ 
cations  and/or  different  coding  methods  to  produce  results  with  different  orderings  of  the  factors.  The 
results  of  these  seven  tests  are  summarized  in  Table  4.  The  numbers  are  typical  for  an  HP21M20 
computer  programmed  in  a  higher  order  language.  They  do  not  necessarily  reflect  relative  efficiency 
in  other  processors  and/or  languages. 


Table  4.  Memory  and  Duty  Cycle  Requirements  of  Several  Candidate  Ephomeris  Algorithm  Implementation 


Algorithm 

Relat  ive 

Memory 

Cycle  Time 

Order  of 

Required  for 

Per  Call 

Importance 

Four  Space  Vehicles 
(words) 

(milliseconds)* 

'using  Modified 

Accuracy 

220) 

22.) 

Lagrange  Solution  of 

Clarity 

t 

liquation  of  Center 

Speed 

M  emory 

7Using  Modified 

Accuracy 

14% 

12.5 

Lagrange  Solution 

Speed 

of  the  Equation  of 

Memory 

the  Center 

C  larity 

'llsing  C  lassie  Successive 

Accuracy 

1 145 

40.9 

Substitutions  to 

Memory 

Solve  Kepler's 

Speed 

Equations 

Clarity 

u 

Using  Stephenson's 

Accuracy 

1202 

46.4 

Successive  Substitution 

Speed 

Method  to  Solve  Kepler's 

Memory 

Equations 

Clarity 

5Using  Classic  Newton 

Accuracy 

IMS 

55.0 

Raphson  Method  to  Solve 

Clarity 

Kepler's  Equations 

Speed 

Memory 

^ Using  Modif  ied  Newton 

Accuracy 

1755 

)5.9 

Raphson  to  Solve 

C larity 

Kepler's  Equation 

Memory 

Speed 

7Using  Modifed  Newton 

Accuracy 

1)19 

20.6 

Raphson  to  Solve 

Memory 

Kepler's  Equation 

Speed 

C larity 

HP21M  20  Computer  -  FORTRAN  IV 
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Algorithms  1  and  2  are  differently  coded  versions  of  a  closed  form  approximate  solution  to  the 
"equation  of  the  center.  ’’  Basically,  sine  v(t)  and  cosine  v(t)  are  solved  as  series  expansions  of  powers 
of  e  and  sines  and  cosines  of  M(t)  (sixth  or  seventh  power).  Algorithm  3  consists  of  an  iterative  solu¬ 
tion  of  Kepler's  equation  of  the  form 

=  M(t)  ♦  e  sin  | f:k  j(t)l  (25) 


where 


Eo(t)  M(t)  (26) 

until  a  desired  accuracy  is  achieved  (about  3  iterations). 

Algorithm  4  is  a  variation  of  Algorithm  3  where  first  and  second  differences  are  used  to  accelerate 
convergence.  Because  Algorithm  3  converges  so  fast,  Algorithm  4  was  actually  inferior. 

Algorithm  5  uses  a  classical  Newton  Raphson  method  as  an  iterative  solution  to  Kepler's  equation 
by  searching  for  an  F(t)  that  minimizes  the  function 


f  [E(t)]  =  M(t)  -  [e(t)  -  sin  E(t)j  (27' 

with 

Fo(t)  M(t)  (28) 

Algorithms  6  and  7  are  simply  differently  coded  versions  of  an  approximation  of  the  combined  first  two 
iterations  of  Algorithm  5,  which  was  shown  to  be  sufficiently  accurate. 

There  were  two  results  of  this  trade  study.  First  of  all,  it  demonstrated  that  the  Keplerian 
approach  to  ephemeris  repre;  entation  was  a  viable  approach  with  regard  to  User  algorithm  considerations. 
The  memory  requirement  for  any  of  the  algorithms  was  not  excessive  nor  was  the  cycle  time.  Consider¬ 
ing  eight  calls  to  the  routine  for  each  navigation  cycle  (to  evaluate  range  and  delta-range),  the  total  cycle 
time  would  be  in  the  order  of  100  to  200  milliseconds  for  this  more  desirable  algorithm.  User  navigation 
cycles  would  occur  every  1  to  10  seconds  depending  on  the  user  set  or  type.  Although  100  to  200  milli¬ 
second  period  is  a  good  portion  of  a  one  second  navigation  cycle,  it  is  not  an  unreasonable  portion. 

The  other  result  was  a  selection  of  the  most  desirable  algorithms.  These  were  either  Algorithms 
1  or  2,  depending  on  whether  or  not  the  clarity  factor  would  have  to  be  waved  for  better  speed  and  less 
memory. 

The  Space  Veh  i  c  le  Fph  emeris  Represent  at  ion  Model 

The  Space  Vehicle  ephemeris  representation  model  is  characterized  by  a  set  of  parameters  that 
is  an  extension  to  the  Keplerian  orbital  parameters  describing  the  Space  Vehicle  ephemeris  during  t lie 
interval  of  time  (at  least  an  hour)  for  which  the  parameters  are  transmitted.  They  also  describe  the 
ephemeris  for  an  additional  interval  of  time  (at  least  one-half  hour)  to  allow  time  for  the  User  to  receive 
the  parameters  for  the  new  interval  of  time.  The  definitions  of  the  parameters  are  given  in  Table  5. 

The  age  of  data  word  (AODF)  provides  the  User  with  a  confidence  level  in  the  ephemeris  representation 
parameters.  AODF  represents  the  time  difference  (age)  between  the  reference  time  (t^p)  and  the  time 
of  the  last  measurement  update  (t^)  used  to  estimate  the  representation  parameters.  That  is, 

AODF  t  -  t.  (29) 

oe  L, 

The  AODF  word  also  provides  a  linkage  between  Subframes  2  and  3  because  it  appears  in  both 
subframes.  This  is  to  ensure  the  User  that  the  subframes  he  collected  do  not  apply  to  different  intervals 
of  time,  as  he  may  collect  those  subframes  at  different  times. 

The  User  computes  the  earth  fixed  coordinates  of  the  position  of  the  Space  Vehicle's  antenna 
phase  center  with  a  variation  of  the  equations  shown  in  Table  6.  The  parameter  values  are  obtained  via 
a  nonlineai  iterative  least  squares  curve  fit  of  the  predicted  Space  Vehicle's  antenna  phase  center  ephem¬ 
eris  (time-position  quadruples;  t,  x,  y,  z)  over  the  interval  of  time  tpe  -  T  ,  top  >  T  .  T  is  5  minutes 
longer  than  half  the  transmission  interval  plus  half  the  overlap  period  into  the  next  interval.  For  example, 
if  the  transmission  interval  is  one  hour,  and  the  overlap  period  is  30  minutes,  T  is  50  minutes. 

The  equations  given  in  Table  6  provide  the  Space  Vehicle's  antenna  phase  center  in  earth-centered 
earth-fixed  Cartesian  coordinates.  The  system  is  characterized  as  follows: 


d 
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Table  5.  Ephemeris  Representation  Parameters 


Mo  Mean  anomaly  at  reference  time 

An  Me.in  motion  difference  from  computed  value 

e  Eccentricity 

»  A  Square  root  of  the  semi-major  axis 

0o  Right  ascension  at  reference  time 

i  Inclination  angle  at  reference  time 

u)  Argument  of  perigee 

0  Rate  of  right  ascension 

Cu{-  Amplitude  of  the  cosine  harmonic  correction  term  to  the  argument  of  latitude 

Cug  Amplitude  of  the  sine  harmonic  correction  term  to  the  argument  of  latitude 

C rc  Amplitude  of  the  cosine  harmonic  correction  term  to  the  orbit  radius 

C  Amplitude  of  the  sine  harmonic  correction  term  to  the  orbit  radius 

rs 

Ci(,  Amplitude  of  the  cosine  harmonic  correction  term  to  the  angle  of  inclination 

Cis  Amplitude  of  the  sine  harmonic  correction  term  to  the  angle  of  inclination 

t  Ephemeris  reference  time 

AODE  Age  of  Data  (Ephemeris) 


1)  x  is  in  the  true  equatorial  plane  in  the  direction  of  the  Greenwich  meridian 

2)  z  is  along  the  true  earth  spin  axis,  positive  in  the  northern  hemisphere 

3)  y  completes  the  right  hand  system 


y  =  (z)  x  (x)  (30) 

It  must  be  emphasized  that  these  representation  parameters  are  the  result  of  a  curve  fit  and  are 
only  Keplerian  in  appearance.  They  only  describe  the  ephemeris  over  the  period  of  applicability  and  not 
for  the  total  orbit,  however,  they  do  describe  the  true  Keplerian  orbit  to  within  a  few  thousand  meters. 

There  are  usually  only  six  Keplerian  parameters  if  the  reference  time  is  the  time -of -perigee. 
However,  in  this  case  seven  are  needed  (M0  ,  t^  ,  e  ,  JK  ,  O  ,  iQ  ,  to),  replacing  the  time-of-perigee 
with  the  pair  (M0  ,  tp.).  The  net  effect  of  this  replacement  requires  no  increase  in  the  number  of  words. 
This  results  because  of  the  decrease  in  sensitivity  of  the  time  derivative  parameters  since  t^  is  always 
within  a  few  minutes  of  the  evaluation  time.  It  also  improved  the  stability  of  the  curve  fit  algorithm  for 
near  circular  orbits.  ♦ 


Mncidently,  a  least  squares  curve  fit  algorithm  would  be  ill-conditioned  for  a  perfectly  circular  orbit 
with  no  perturbations  because  MQ  is  redundant  with  uj  .  However,  there  is  no  such  thing  as  a  perfectly 
circular  orbit  other  than  instantaneously.  The  algorithm  converged  for  values  of  e  as  small  as  I0'8  , 
although  It  converged  to  negative  values  of  e  depending  on  the  initial  selection  of  MQ  and  uj  .  This 
condition  was  easily  corrected  by  adding  (or  subtracting)  *  to  both  MQ  and  w  and  then  converging  to 
a  positive  e  .  Eccentricities  of  less  than  10"8  could  not  be  generated  over  the  appropriate  time  inter¬ 
vals.  If  e  were  zero,  either  Mn  or  <*)  could  be  fixed,  while  letting  the  other  vary  in  the  fit. 
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Tablr  6.  Ephemms  Ref 


WGS  72  Value 
of  the  Earth's 
universal  gravita¬ 
tional  parameter 

WGS  72  Value 
of  the  Earth's 
rotation  rate 

Semi-major  avis 


Computed  mean 
motion 


Time  from  epoch 


Corrected  mean 
motion 


Mean  anomaly 


Kepler's  equation 
for  eccentric 
anomaly 


cos  (cos  E^  -  e)  /  (l-e  cos  E^) 


sin  v  I  -  e  sin  E^/U-e  cos  E^ij 


True  anomaly 


<*>k  =  vk  . 


Argument  of 
latitude 
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on  fVf  ini lions 
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Sm  2\  '  r,H'  COS 
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*k  *  ,Suk 

or  i  eeted  argu¬ 
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rk 
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v.'  or  r  ev  ted  radius 

'k 

i  •  Si. 
o  k 

0  orr  eeted  inelina- 

t » on 

v'k 

rk  COS  uk 

Positions  in 

or  bi  tal 

y’k 
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'k  y'k  s,n  ‘k 


Corrector)  lon¬ 
gitude  of  ascend¬ 
ing  node 


Earth  fixed  co¬ 
ordinates 


*  t  Is  GPS  system  time  at  time  of  transmission,  i.  e.  ,  GPS  time  of  reception  corrected  for  transit 
time  (range  speed  of  light).  Furthermore,  t^  must  be  the  actual  total  time  difference  between  the 
time  t  and  the  epoch  time  tQe  ,  and  must  account  for  beginning  or  end  of  week  crossovers.  That 
is,  if  t,  is  greater  than  302, 100.  subtract  604.800  from  .  If  t.  is  less  than  -302,400  add 
604.  800  to  tk  . 

The  additional  parameters  in  Table  5  do  not  adequately  describe  an  ephemeris  with  its  many 
perturbations  over  long  periods.  They  do,  however,  to  the  required  accuracy  over  intervals  of  1.  5  to 
5  or  more  hours.  They  primarily  describe  the  second  zonal  harmonic  effects  while  absorbing  all  other 
effects  during  those  intervals  of  time.  Table  7  lists  the  major  contributions  that  justify  each  of  the 
additional  parameters. 

These  additional  parameters  add  very  little  to  the  User's  computation  requirement  because  they 
either  add  to  total  angles  before  sines  or  cosines  are  computed:  or,  if  they  represent  angle  perturbations, 
it  suffices  to  use  small  angle  approximations. 

The  figure  of  merit  used  to  measure  the  quality  of  the  curve  fit  is  User  Fquivalent  Range  Frror 
(UFRE).  UFRF  is  the  projection  of  the  curve  fit  error  onto  the  User's  range.  The  curve  fit  results  in  a 
UFRF  of  less  than  .01  meter,  one  sigma.  This  is,  of  course,  considerably  less  than  the  ephemeris  pre¬ 
diction  error,  which  is  specified  to  be  less  than  12  feet  in  UFRF  (3.  658  meters)  one  sigma,  for  the 
Phase  I  GPS  or  5  feet  in  UFRF  (t.  524  meters)  one  sigma  for  the  Phase  111  GPS. 

The  UFRF  described  above  is  for  the  results  of  ar«  algorithm  where  the  parameters  are  double 
precision  floating  point  numbers  ^32  bit  machine)  and  only  represent  the  curve  fit  algorithm  errors.  The 
parameters  are.  of  course,  truncated  for  the  GPS  Navigation  Message.  The  effect  of  that  truncation 
increases  the  one  sigma  error  to  0.  1  meters  over  the  time  period  of  the  fit.  As  stated  earlier,  it  is 
desirable  that  the  representation  also  degrades  gracefully  after  its  period  of  applicability.  The  para¬ 
meters  described  in  the  preceeding  paragraphs  exhibit  a  reasonable  degradation  if  used  beyond  their 
period  of  applicability.  In  fact,  it  is  exceptional  relative  to  other  candidate  representations.  The  rela¬ 
tionship  between  the  curve  fit  error,  the  truncation  error  and  the  degradation  error  is  presented  in 
Figure  2. 
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NOTE:  All  binary  numbers  will  be  two's  complement. 
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This  inequality  was  used  to  determine  the  most  significant  bit  of  eT  .  The  LSB  scale  factors  of  the 

components  of  x...  were  chosen  to  be  one  bit  larger.  Fractions  of  bits  were  dropped.  Testing  of  the 
algorithm  with  truncated  parameters  proved  the  LSB  scale  factors  to  be  satisfactory.  iSee  Figure  2.1 


VI.  DATA  BLOCK  3  -  THF  ALMANAC 

Data  Block  3  appears  in  the  fifth  subframe,  appearing  every  30  seconds.  However,  it  does  not 
repeat  itself  every  30  seconds  as  the  other  two  data  blocks  do.  There  are  twenty-five  subframes  of  data 
in  Data  Block  3,  appearing  in  sequence  in  the  fifth  subframe:  one  every  30  seconds.  Thus,  each  of  these 
twenty-five  subframes  repeats  every  750  seconds. 

Data  Block  3  is  generated  by  the  Control  Segment  and  contains  almanacs  for  up  to  twenty-four 
Space  Vehicles.  The  twenty -fifth  subframe  is  a  dummy  almanac  with  a  Space  Vehicle  Identification  (ID) 
set  to  zero.  This  subframe  is  present  because  of  a  User  requirement  to  have  an  odd  number  of  almanac 
subframes  to  aid  in  their  Data  Block  3  data  collection.  Prior  to  the  availability  of  twenty -four  Space 
Vehicles,  certain  Space  Vehicle  Almanacs  will  be  repeated. 


(> 17 


The  Space  Vehicle  Almanacs  co  itain  ephemeris  representation  parameters  clock  correction 
parameters,  Space  Vehicle  ID  and  Space  Vehicle  health.  The  purpose  of  the  almanacs  is  to  provide  the 
Users  with  less  precise  Space  Vehicle  position  and  clock  correction  information  (relative  to  Data  Blocks 
1  and  2  precision)  and  vehicle  health  to  aid  in  their  direct  acquisition  of  the  Space  Vehicles’  signals. 

Both  the  ephemeris  representation  and  clock  correction  representation  in  the  almanac  are  truncated 
versions  of  the  respective  representations  in  Data  Blocks  1  and  2. 

Almanac  Representat ion  Models 

The  representation  model  for  the  Space  Vehicles'  clock  corrections  in  the  almanacs  is  identical 
to  that  given  in  Eq.  (9)  with  assumed  to  be  zero.  That  is, 

AtSV  =  **0  +  al  (t  ‘  W  (37) 

where  t0_  is  the  Data  Block  3  reference  time  in  seconds,  aj  is  the  same  as  given  in  Eq.  (9)  except 
that  it  is  truncated  because  less  accu  acy  is  required,  can  easily  be  found  by  integrating  Eq.  (9)  to 
the  almanac  reference  time  tQa  .  That  is,  neglecting  , 
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The  representation  model  for  the  Space  Vehicles’  ephemerides  in  the  almanacs  is  identical  to  that 
given  in  Tables  5  and  6  with  certain  parameters  assumed  to  be  zero.  The  parameters  not  assumed  zero 
are  the  basic  seven  Keplerian  parameters  (MQ  ,  tQa  ,  e  ,  -STT,  ,  iQ  +  6i  ,  <u)  and  one  perturbation 
parameter,  the  rate  of  change  of  the  right  ascension  0.  For  he  almanac,  a  nominal  inclination  angle 
ij,  of  60  degrees  is  defined,  and  a  perturbation  fii  is  used  for  the  sake  of  saving  data  bits. 


The  almanac  reference  time,  tQa  ,  is  the  multiple  of  4096  seconds  just  prior  to  3.  5  days  after 
the  time  that  the  almanac  begins  transmission.  The  almanac  will  be  renewed  every  six  days  as  a  mini¬ 
mum  rate.  Therefore,  the  reference  time  is  not  ambiguous  even  though  GPS  time  never  spans  more  than 
one  week.  GPS  time  t  will  never  differ  from  tQ„  by  more  than  3.  5  days.  The  time  from  epoch  t^  of 
Table  6  should  be  computed  as  described  in  that  table,  except  that  tpe  is  replaced  with  tQ^  .  However, 
if  the  User  wishes  to  extend  the  use  time  of  the  almanac  beyond  the  time  span  during  which  it  is  being 
transmitted,  he  must  account  for  crossovers  into  time  spans  where  these  computations  c  f  t,  are  not 
valid. 


This  may  be  accomplished  by  computing  tk  at  the  GPS  time  tc  that  the  almanac  was  collected, 
and  storing  it  as  t^  .  That  is. 
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corrected  for  end  of  week  crossover, 
computed  and  stored  as 


The  time  of  year 


t 


cy 


corresponding  to  t  should  also  be 


t  =  (D.  -  1)  x  86.400  +  t  mod  86, 400  (40) 

cy  tc  c 

where  Djc  is  the  day  of  year  at  the  Greenwich  Meridian  at  time  tc  .  If  the  GPS  time  of  its  use  is  t  , 
the  time  of  year  t  corresponding  to  ty  is  then 

t  =  (D.  -  1)  x  86,400  +  t  mod  86. 400  (41) 

uy  tu  u 

where  Dtu  is  the  day  of  year  at  the  Greenwich  Meridian  at  time  ^  ,  corrected  for  crossovers  into  new 
years  since  the  time  of  collection  (i.  e. ,  add  365  or  366  for  each  crossover).  The  time  from  epoch 
at  that  time  is  simply 

t,  =  t  -  t  +  t  (42) 

k  uv  cy  kc 

which  is  valid  even  during  the  time  span  during  which  the  almanac  is  being  transmitted.  For  almanacs 
that  are  not  collected,  but  are  furnished  from  an  external  source,  it  suffices  to  define  the  time  of 
collection  tc  as  the  recording  time  and  the  day  of  year  as  the  recording  day  of  year.  Thia  time  and 
day  of  year  will  accompany  the  almanac  and  will  always  be  within  3.  5  days  of  the  reference  time  t  . 
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Almanac  Representation  Accuracy 

K°r  direct  !>  code  acquisition  in  a  specified  period  of  time,  the  desired  combined  accuracy  for 
the  almanacs,  including  both  the  ephemeris  and  the  clock  corrections,  is  about  3000  to  6000  meters  for 
for  norm  WlU-abtltty.  However,  for  direct  P  code  acquisitions  in  larger  periods  of  time,  or 

fi  normal  t  A  code  acquisitions,  almanacs  that  are  more  than  one  week  old.  and  thus  with  degraded 
accuracy,  may  tie  used. 

The  accuracy  of  this  ephemeris  representation,  including  truncation  errors,  is  given  in  Table  <1 
for  up  to  five  weeks  of  application.  The  accuracy  of  the  clock  correction  parameters  is  primarily 
affeited  by  this  truncation  of  the  parameters,  which  may  lie  computed  for  all  time  as 
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(43) 


one  sigma,  where  c  is  the  speed  of  light  in  meters  per  second  and  t.  is  as  given  in  Kq.  (42). 


1  able  1).  Almanac  Fphemeris  Itepresentat ion  Performance 


Time  Past  Initial 
Transmission 


Kstimated  UFHK 
(Meiers) 


1  day 

1  week 

2  weeks 

3  weeks 

4  weeks 

5  weeks 


1 , 000 
2.  600 
5.  000 
10,000 
16.000 
20,  000 


Therefore,  for  one  week  of  applicability,  the  combined  accuracy  is  about  3200  meters  one  sigma, 
and  at  6  weeks  the  combined  accuracy  is  about  24,300  meters  one  sigma.  This  is  about  828  P  code  chips 
or  82.  8  C  A  code  chips,  and  may  be  as  accurate  as.  or  more  accurate  than,  the  User's  knowledge  of  his 
own  position  and  time,  and  thus,  an  excellent  aid  for  faster  acquisition. 


Data  Hlock  3  Format 


Data  Block  3  occupies  the  third  through  the  tenth  thirty  bit  words  of  the  fifth  subframes.  The 
number  of  bits,  the  scale  factor  of  the  least  significant  bit  (LSB).  which  is  the  last  bit  received,  the 
range  and  the  units  of  the  parameters  are  as  specified  in  Table  U).  The  last  word  of  the  subframe  is  a 
six  bit  spare  word  and  is  part  of  the  tenth  thirty  hit  word  that  has  two  non-information  bearing  bits. 

1  Inis,  it  does  not  link  with  the  TI,M  word  of  the  next  subframe  through  the  parity  algorithm. 

I  he  scale  factors  of  the  l.SBs  were  determined  through  a  sensitivity  analysis  similar  to  that 
described  for  the  Data  Block  2  parameters.  Fquation  (34)  was  changed  to  reflect  the  increased  toler¬ 
ance  and  to  reflect  only  seven  parameters. 


The  reference  time 
it  is  a  defined  parameter. 


< oa  *,as  an  I'^B  worth  4096  seconds.  This  has  no  impact  on  accuracy  since 
Its  range  is  the  largest  multiple  of  4096  seconds  less  than  604,800  seconds. 


Space  Vehicle  Health 


I  In'  health  word  in  the  almanacs  provides  the  Users  with  a  priori  information  about  the  applicable 
Space  Vehicle  before  they  attempt  to  acquire  it.  The  health  words  are  generated  bv  the  Control  Segment 
based  on  its  assessment  of  the  vehicle’s  health.  The  contents  of  this  word  are  partly  of  a  preliminary 
nature  and  will  not  be  described  in  this  chapter.  They  are  described  in  detail  in  Reference  2. 

Space  Vehicle  Identification  (ID) 


The  Space  Vehicle  ID  word  specifies  the  PRN  code  assignment  of  the  Space  Vehicle  There  are 
only  32  such  codes  assigned  to  Space  Vehicles  (1  through  32).  The  «th  Space  Vehicle  is  a  dummy  Space 
Vehicle  whose  almanac  occupies  the  26th  subframe  of  the  almanacs.  With  this  ID,  there  are  63  possible 
IDs  requiring  six  bits  of  the  eight  bit  word.  The  other  two  bits  will  be  used  specifying  numbers  between 
0  and  3.  These  bits  will  indicate  modifications  to  the  standard  Navigation  Data  structure  that  might  occur 
in  the  future.  At  present  there  are  no  modifications  and  zero  will  be  used. 


Table  10,  Dutj  Dlo<  k  3  Parameters 
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NOTE:  All  binary  numbers  will  be  two's  complement. 

VII.  THE  MESSAGE  BLOCK 

The  Message  Block  occupies  the  third  through  tenth  thirty  bit  words  (including  parity)  of  the 
fourth  subframe.  This  block  provides  space  for  the  transmission  of  twenty -three  eight  bit  ANSC  II 
characters.  The  remaining  eight  bits  will  be  non-information  bearing. 

This  Message  Block  will  be  generated  by  the  Control  Segment.  The  purpose  of  the  message  is  to 
convey  alphanumeric  information  to  the  Users.  It  was  included  in  the  GPS  Navigation  Message  for  future 
operational  applications. 


VIII.  THE  GPS  NAVIGATION  MESSAGE  FRAME  FORMAT 

The  preceding  discussions  describe  five  subframes  of  signal  data  that  make  up  the  GPS  Navigation 
Message,  which  is  called  the  data  frame  (1500  bits).  The  format  of  the  frame  was  described  in  part 
throughout  these  discussions  as  the  formats  for  the  TLM  and  HOW  words.  Data  Blocks  1,  2,  and  3  and 
the  Message  Block.  The  GPS  Navigation  Message  Frame  Format  brings  these  parts  together,  which  is 
summarized  in  Figure  3. 

This  frame  repeats  itself  every  30  seconds,  except  that  Data  Block  3  rotates  through  25  subframes 
of  data.  Periodically  (nominally  every  hour),  the  data  in  Data  Blocks  1  and  2  are  refreshed  with  data  that 
applies  to  the  new  period.  Data  Block  3  is  refreshed  by  Space  Vehicle  upload  only. 

The  subframes  will  always  be  synchronized  to  GPS  time  >•  ithin  one  millsecond).  That  is.  the 
subframe  being  transmitted  can  always  be  determined  from  the  expression 

Vibfrarm*  No.  ^ modulo  *>  |  ,  I  (44) 

where  fa]  indicates  greatest  integer  less  than  a  .  Furthermore,  the  word  and  bit  being  transmitted 
within  a  subframe  can  be  determined  from  the  expressions 
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IX.  FUTURE  CONSIDERATIONS 

The  design,  contents  and  format  of  the  GPS  Navigation  Message  were  presented.  During  the 
design  process,  great  emphasis  was  placed  on  legacy  requirements  to  insure  that  the  design  would  extend 
to  the  operational  GPS.  Therefore,  there  is  little  left  for  future  considerations.  There  are,  however, 
some  parts  of  the  message  where  changes  can  be  expected  in  the  future.  These  are  as  follows: 

1)  Ionospheric  delay  correction  model 

2)  Some  contents  of  the  TLM  and  HOW  words 

3)  The  health  word 

4)  The  non-information  bearing  bits 

Since  there  are  a  limited  number  of  Users  during  Phase  I,  changes  of  these  parts  have  essentially 
no  impact  if  they  would  occur  during  Phase  I.  For  instance,  the  ionospheric  delay  correction  model  is 
only  a  candidate  model  being  evaluated  mostly  by  the  Control  Segment.  Most  Phase  I  Users  who  aren't 
receiving  two  frequencies  will  be  ignoring  the  model. 

Some  contents  of  the  TLM  and  HOW  words  are  of  no  interest  to  the  User  and  are  quite  Space 
Vehicle  design  dependent.  They  are  primarily  used  by  the  Control  Segment.  Also,  since  the  non¬ 
information  bearing  bits  may  become  information  bearing  bits,  additional  information  can  be  conveyed 
via  the  HOW  and  TLM.  The  preamble  or  system  time  information  should  never  change. 

The  health  word  will  be  mostly  ignored  by  Users  during  the  early  Phase  I  tests  since  they  will 
be  under  complete  control  of  individuals  knowing  the  exact  health  of  the  Space  Vehicles.  It  is  expected 
that  the  contents  of  this  word  will  evolve  during  Phase  I  testing. 

The  non-information  bearing  bits  may  become  information  bearing  bits  since  future  Space  Vehicles 
may  generate  all  of  the  parity.  For  now  this  only  imoacts  the  TLM  and  HOW,  the  term  in  Data  Block 
1,  and  the  last  byte  in  the  Message  Block.  The  reinstatement  of  these  bits  will  make  ao  more  accurate 
and  will  allow  the  Message  Block  to  have  another  character. 

Although  it  is  hoped  that  all  other  data  will  not  change,  it  will  not  be  impossible  to  change  certain 
parameters  during  Phase  I.  All  uses  of  these  parameters  are  programmed  in  software  or  firmware. 

Thus,  if  changes  do  occur,  only  load  tapes  or  the  like  would  have  to  be  changed.  Of  course,  the  TLM 
and  HOW  words  cannot  be  changed  once  a  Space  Vehicle  is  launched. 
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Figure  1.  Relationship  of  Times  Between  the  Space 
Vehicles  and  User  and  their  Respective  Ranges 


HOURS  SINCE  BEGINNING  OF  TRANSMISSION  IN TE  HVAL 

Figure  2.  Expected  Ephemeris  Representation  Errors 
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Figure  3.  The  GPS  Navigation  Message  Format 


CLOCKS:  EVOLUTION  OF  FREQUENCY  STANDARDS 
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SUMMARY 

The  clocks  currently  in  use  in  NAVSTAR  GPS  Technology  Satellites  and  those  planned 
for  future  phases  of  the  program  are  the  result  of  a  continuing  evolution  in  clock 
technology.  This  evolution  is  a  result  of  the  desire  to  improve  clocks  in  general  and 
more  specifically  by  the  change  in  character  of  satellite  navigation  systems  and  the 
need  for  improvement  in  clock  technology  to  meet  the  requirements  of  such  systems.  This 
paper  describes  the  evolution  as  seen  from  one  program. 


INTRODUCTION 


Satellite  Frequency  standards  have  progressed  from  quartz  crystal  oscillators  used 
in  the  Navy  Navigation  Satellite  System  (TRANSIT)  and  early  TIMATION  launches  to  rubidium 
vapor  units  first  used  in  Navigation  Technology  Satellite  One  (NTS-1) ,  to  cesium  beam 
devices  currently  operating  in  NTS-2  and  hydrogen  masers  projected  for  NTS-3. 

This  evolution  has  been  driven  partly  by  the  change  in  character  of  satellite 
navigation  systems  and  partly  by  a  need  for  improvement  in  such  systems. 

TRANSIT  operates  on  a  navigation  technique  suitable  for  objects  having  well  known 
velocities.  The  parameter  used  is  frequency;  the  satellites  operate  at  low  altitudes  so 
the  passes  last  only  for  15  minutes  or  so.  The  frequency  stability  of  the  satellite 
clock  must  be  such  that  the  change  in  frequency  does  not  introduce  appreciable  error  in 
position  fix. 

The  NAVSTAR  GPS  is  designed  to  give  positions  continuously  in  three  dimensions. 

To  do  so  it  uses  satellites  in  much  higher  altitudes  than  TRANSIT.  At  these  altitudes 
continuous  fixes  by  means  of  frequency  measurement  is  impractical  so  ranging  is  used 
instead.  Since  a  further  requirement  is  that  the  user  be  passive  the  ranging  measure¬ 
ment  is  obtained  by  having  all  satellites  have  clocks  that  are  synchronized  so  the  user 
can  make  measurements  on  enough  satellites  that  he  can  determine  the  clock  synchroni¬ 
zation  parameters.  The  problem  of  clock  synchronization  without  near  continuous  updating 
of  the  satellite  clocks  has  determined  the  search  for  better  satellite  clocks,  programming 
through  quartz,  rubidium,  cesium,  and  now  hydrogen  maser  standards. 

Quartz  Standards 

TRANSIT  used  a  quartz  crystal  oscillator  designed  by  APL/JHU  as  the  satellite  clock. 
The  principal  stability  requirements  were  an  overall  accuracy  of  parts  in  109  with  a 
"short  term"  stability  of  a  part  in  lO1^-  for  several  minutes.  Quartz  crystal  oscillators 
for  laboratory  or  ground  station  use  were  available  with  stabilities  on  the  order  of  from 
a  part  per  10*-®  to  a  few  parts  per  1012  per  day  after  an  extensive  burn  in  period.  The 
development  of  this  class  of  oscillator  into  a  flight  qualified,  low  power,  highly 
reliable  device  with  a  fractional  frequency  stability  of  one  part  per  101-2  for  averaging 
times  on  the  order  of  104  seconds  was  the  first  design  goal.  Such  a  clock  stability 
would  contribute  a  10  foot  error  to  the  navigator’s  error  budget  assuming  satellite  clock 
update  at  104  second  intervals. 

It  should  be  noted  at  this  time  that  the  current  multihundred  watt  power  supplies 
for  spacecraft  were  not  then  generally  available  and  the  low  power  and  weight  and  the 
high  reliability  of  the  quartz  oscillator  made  this  type  a  natural  choice  for  the  early 
satellites.  The  weight,  power,  and  reliability  of  1965  era  rubidium  vapor  and  cesium 
beam  frequency  standards  limited  their  use  to  ground  station  functions. 

Table  one  has  been  prepared  to  show  the  sequence  of  flight  experiments  to  trace  the 
modest  experiment  that  was  Timation  I  launched  in  1967  to  the  multihundred  watt  satellites 
that  are  Navigation  Technology  Satellites  one,  two  and  three  of  the  GPS  program. 

TIMATION  I 


TIMATION  I  was  launched  into  an  orbit  of  opportunity 

(h  =  500  n.mi;  i  -  70°,  e  =  .001) 

and  provided  the  first  demonstration  of  Navigation  based  on  range  measurements  from  a 
time  synchronized  satellite.  Figure  1  is  a  view  of  the  disassembled  TIMATION  I  frequency 
standard.  Figure  2  shows  the  aging  rate  for  this  class  of  oscillator. 


♦This  work  is  sponsored  by  the  Naval  Electronics  Systems  Command  PME-106. 


TIMATION  II 


TIMATION  II  was  launched  into  an  orbit  nearly  identical  to  that  of  its  predecessor. 
This  satellite  was  designed  with  a  two  frequency  ranging  system  to  provide  ionospheric 
refraction  compensation. 

The  TIMATION  II  oscillator  included  two  major  improvements.  The  first  was  a  quartz 
crystal  using  thermal-compression-bonded  leads,  a  cold-welded  enclosure  seal,  and  a 
high-temperature  bakeout  under  high  vacuum.  The  second  improvement  was  a  triple  pro¬ 
portional  oven  system  designed  to  improve  the  temperature  coefficient  by  a  factor  of  ten. 

A  thermal  electric  temperature-control  system  was  developed  for  TIMATION  II  as  an 
experiment  to  determine  whether  a  critical  satellite  component  could  be  successfully 
maintained  at  a  relatively  constant  temperature  above  the  expected  ambient  temperature 
variations.  This  device,  shown  in  Figure  3,  was  installed  with  the  oscillator  to 
provide  improved  thermal  control. 

Figure  4  is  a  graph  of  frequency  versus  time  for  the  satellite  oscillator.  The 
lower  curve  shows  the  measured  frequency  and  the  times  and  increments  of  tuning 
operations.  During  the  early  phase,  the  aging  rate  was  positive  and  gradually  approaching 
zero.  It  was  optimistically  assumed  that  the  oscillator  was  recovering  from  the  effects 
of  launch  vibration  and  zero  g  environment.  The  low  aging  rate  observed  prior  to  launch 
(approximately  1  part  per  10“  per  day)  and  the  expected  radiation  effect  could  possibly 
yield  a  long-term  aging  rate  of  a  few  parts  in  10“  per  day. 

The  balance  of  the  data  shows  that  this  optimism  was  short  lived.  The  effect  of 
radiation  is  apparent  from  the  curve,  and  it  can  be  seen  that  aging  became  approximately 
constant  following  a  period  of  adjustment  due  to  perturbations  caused  by  orbital  injection. 
It  appears  that  the  oscillator  has  reached  a  relatively  low  constant  aging  rate,  but  the 
effect  of  radiation  was  not  that  expected.  The  upper  curve  is  the  normalized  frequency- 
versus-time  curve  and  provides  a  more  graphic  view  of  the  results. 

A  set  of  improved  quartz  crystal  oscillators  were  specified  for  TIMATION  III. 

Figure  5  is  a  a  -  t  plot  showing  the  design  goal  for  these  oscillators  along  with  data 
from  three  units  showing  typical  performance. 

NTS- 1 


In  1973  the  Navy's  Timation  effort  was  merged  with  the  Air  Force  621B  program,  with 
the  Air  Force  named  as  executive  service,  to  form  the  NAVSTAR  Global  Positioning  System 
(GPS)  program.  NRL's  Timation  III  satellite  was  redesignated  Navigation  Technology 
Satellite  One  (NTS-1)  and  launched  14  Jul  74  as  part  of  the  NAVSTAR  effort. 


The  launch  system  selected  by  the  Air  Force  Space  Test  program  (STP)  for  NTS-1 
provided  sufficient  weight  margin  for  the  flight  of  rubidium  vapor  frequency  standards 
as  a  first  experiment  in  the  newly  formed  GPS  program. 


A  small,  lightweight  rubidium  vapor  standard  with  low  power  requirements  had  just 
become  available  commercially  from  EFRATOM  of  Munich,  Germany.  Figure  5  is  a  photo  of 
the  10  x  10  x  11  centimeter  commercial  unit  which  weighed  1.3  kilograms  and  required  a 
nominal  13  watts  of  power.  Based  on  the  short  time  schedule  and  a  low  budget  it  was 
decided  that  a  simple  program  consisting  of  only  those  modifications  necessary  to  make 
the  commercial  units  flight-worthy  would  be  possible^-.  Feasibility  and  vibration  post¬ 
mortem  tests  were  performed  on  several  units  to  determine  the  necessary  modifications  in 
structure  and  components.  Suitable  electrical  interfaces  were  designed  to  provide  tuning 
of  the  VCXO  and  telemetry  monitoring. 


Six  production  units  were  purchased  for  modification  and  flight  qualification.  Of 
these  six  modified  units,  two  were  selected  for  flight  on  the  basis  of  their  overall 
performance  under  environmental  conditions.  Figure  7  is  a  c  -  t  plot  showing  typical 
pre  and  post  modification  performance  of  the  flight  candidates.  The  probable  cause  of 
the  deterioration  is  the  modification  to  electronic  components  particularly  in  the  VCXO 
area.  Figure  9  is  a  plot  of  frequency  versus  temperature  in  vacuum  and  in  air.  The 
change  of  temperature  coefficient  of  7  parts  per  10“  per  °C  to  -2  parts  per  101*  per 
°C  from  air  to  vacuum  is  an  indication  of  the  lack  of  optimization  of  commercial  units 
designed  to  operate  in  air.  On-orbit  performance  has  been  reported2  on  these  units  how¬ 
ever  the  lack  of  attitude  stabilization  on  NTS-1  resulted  in  large  temperature  variations 
which  ultimately  masked  any  quantitive  evaluation  of  rubidium  standard  performance. 

Figure  10  is  a  coarse  plot  of  frequency  versus  time  which  shows  variations  of  frequency 
caused  by  temperature  variations  of  the  spacecraft.  Figure  11  is  a  long  term  plot  of 
the  frequency  of  the  quartz  crystal  oscillator  which  was  the  principal  frequency 
standard  on  NTS-1.  The  general  negative  trend  in  frequency  is  probably  due  to  radiation. 
Two  tuning  operations  are  seen  in  two  years  of  data. 


A  Nichols  et  all,  NRL 


lDesign  and  Ground  Test  of  the  NTS-1  Frequency  Standard, 

Report  7904,  5  Sept  75 

2NTS-1  Quartz  and  Rubidium  Oscillator  Frequency  Stability  Results,  Buisson  &  McCaskill, 
NRL  Report  #7932 
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NTS -2 

While  NTS- 1  rubidiums  standards  operated  in  space  and  showed  sufficient  capability 
to  be  used  in  other  GPS  satellites  cesium  standards  offered  even  greater  promise.  The 
promises  involved  somewhat  better  long  term  stability,  smaller  temperature  coefficients 
and  longer  life. 

Just  as  the  EFRATOM  unit  became  available  in  time  for  NTS-1  so  also  did  a  cesium 
unit  become  available  for  modification  for  NTS-2.  This  unit  is  based  on  a  cesium  tube 
developed  by  Frequency  &  Time  Systems,  Inc.  of  Danvers,  Mass. 

This  new  cesium  tube  was  particularly  attractive  in  that  its  dimensions  were 
7.6  x  7.6  x  30.5  cm  with  a  weight  of  4  Kg.  A  development  contract  was  let  to  modify  the 
tube  to  operate  through  the  launch  vibration  environment  and  was  followed  by  the 
development  of  a  prototype  frequency  standard  to  be  flight  qualified  and  evaluated  on 
the  NTS-2  spacecraft.  (HP  subsequently  modified  the  design  of  their  option  004  tube 
to  meet  a  tough  vibration  specification  and  thereby  provided  a  backup  to  the  FTS  prime 
effort).  Figure  12  is  a  photograph  of  one  of  the  prototype  standards  flown  on  NTS-2. 
Figure  13  is  a  o  -  t  plot  showing  the  FTS  specification  along  with  preflight  data  taken 
from  the  two  flight  units  and  the  backup.  During  the  first  four  months  of  operation  of 
the  NTS-2  cesium  standard  the  following  milestones  have  occurred. 

12 

Initial  frequency  measurements  precise  to  one  to  two  parts  per  10  have  confirmed 
the  calculated  offset  due  to  relativity  of  4.45  parts  per  10^0.  This  offset  has  been 
corrected  by  means  of  a  digital  synthesizer  in  the  clock  system. 

Once  the  FTS  program  had  completed  the  critical  brassboard  demonstration  phase  a 
follow-on  program  for  the  design  of  Engineering  Development  Models  (EDM)  was  initiated. 
One  of  these  to  be  included  in  each  of  the  Navigation  Development  Satellites  (NDS) 
beginning  with  NDS  4  as  a  supplementary  frequency  standard  to  the  rubidium  vapor  units. 
The  EDM  design  included  a  repackage  as  shown  in  Figure  14  to  provide  a  unit  with 
dimensions  12.8  x  19.5  x  38.1  cm  weighing  11.3  Kg  compared  to  25.4  x  30.5  x  40.6  cm 
weighing  13.6  Kg  for  the  prototype  units.  A  radiation  hardening  program  supported  and 
funded  by  the  Defense  Nuclear  Agency  made  a  significant  contribution  to  the  successful 
development  of  a  hardened  frequency  standard  meeting  GPS  requirements.  Analysis  for 
this  program  was  by  Itelcom  Rad  Tech  (IRT)  and  FTS-  Coordination  and  much  of  the  test 
work  was  by  and  at  NRL. 

The  latest  phase  of  this  work  is  the  current  preproduction  contract  which  will' 
provide  units  for  NDS ' s  7  and  8  in  final  form. 

NTS- 3 

Cesium  clocks  require  updating  to  maintain  a  specified  error  budget  in  the  satellite 
system.  If  the  space  system  is  to  be  made  less  dependent  on  the  ground  system  the  first 
need  is  for  an  improved  clock.  The  hydrogen  maser  has  been  chosen  as  the  best  frequency 
standard  offering  a  significant  improvement  over  the  cesium  beam.  A  dual  program 
(Hughes  Research  Labs  and  RCA)  has  been  underway  for  the  past  year  and  a  half  to  develop 
a  capability  in  industry  to  provide  these  highly  specialized  devices  in  a  spacecraft 
configuration.  Figure  15  is  a  photograph  of  a  test  bed  maser  fabricated  under  the 
Hu-'hes  program. 

A  third  technology  satellite  (NTS-3)  has  been  designated  to  carry  advanced  develop¬ 
ment  model  (ADM)  hydrogen  maser  frequency  standards  to  determine  the  feasibility  of 
operating  the  GPS  Space  Segment  independent  of  ground  support  for  periods  such  as  might 
be  encountered  in  a  "short  war". 


TABLE  I 


Technology  Satellites 


Launch  date 


5/31/67 


9/30/69 


7/14/74 


6/23/77 


Power  (W) 


VHF/UHF 


UHF/L./L; 


UHF/L 


UHF/L./L; 


Qtz/Rb 


Fig.  I  View  of  disassembled  TIMATION  I  satellite  frequency  standard 
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RUBIDIUM  FREQUENCY  STANDARD 


NTS  I 


Fig.  1 1  Long  term  frequency  performance  of  NTS-I  quartz  crystal  standard 
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User  Data  Requirements  for  Navigation  Solution 

A  nomin  L  three-dimensional  navigation  fix  by  a  OPS  User  requires  measurements  from 
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t  ig.  I  2  NTS--  cesium  beam  frequency  standard 
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GPS  TIME 

Dr.  A.  J.  Van  Dierendonck 
AVAND  Systems  Engineering 
6651  Edmonton  Avenue 
San  Diego,  California  92122 

SUMMARY 

GPS  navigation  is  accomplished  by  one-way  time  measurements.  One  nanosecond  time  error 
equals  0.984  feet  range  error.  Thus,  time  control  and  distribution  are  essential  to  GPS.  The  GPS 
Control  Segment  (CS)  controls  GPS  time.  The  GPS  Space  Vehicles  (SVs)  distribute  GPS  time. 

There  are  three  basic  features  of  GPS  time  derived  from  the  system  concept  which  provide: 

1)  compatibility  with  other  timing  and  navigation  systems;  2)  "fast”  User  acquisition  of  GPS  "P" 
signals;  3)  continuous  User  navigation  accuracy. 

For  GPS  time  to  be  compatible  with  other  timing  and  navigation  systems  places  a  requirement 
on  the  CS  to  initialize  and  maintain  GPS  time  to  within  100  microseconds  of  Coordinated  Universal 
Time  (UTC).  GPS  uses  external  data  that  are  time-tagged  with  UTC,  and  other  systems  will  use  GPS 
for  time  transfer. 

For  "fast"  acquisition  of  the  GPS  "P"  signal,  the  User  must  have  the  capability  of  acquiring 
that  signal  directly.  To  do  so  he  is  dependent  on  the  a  priori  knowledge  of  the  SV's  times  (to  within 
about  10  microseconds)  and  positions  (to  within  about  10,  000  feet).  Thus,  the  CS  initializes  and  con¬ 
trols  the  SV  clocks  to  within  this  tolerance,  and  the  SVs  clocks  are  capable  of  being  initialized  and  con¬ 
trolled  to  this  tolerance.  Precise  a  priori  knowledge  of  time  is  not  required  for  normal  User  acquisi¬ 
tion  of  the  GPS  "C/A"  signal. 

User  navigation  accuracy  is  directly  related  to  his  current  knowledge  of  SV  clock  time.  Thus, 
SV  clocks  maintain  a  running  time  that  is  predictable  to  within  GPS  performance  requirements.  The 
CS  then  predicts  their  times,  generates  SV  clock  update  parameters,  and  uploads  these  parameters 
into  the  SVs. 

For  providing  continuous  user  navigation,  the  SVs  continuously  radiate  signals  with  super¬ 
imposed  navigation  parameters  to  the  users.  The  CS  formats  these  parameters  and  SV  processor 
control  parameters  compatible  with  the  SV  processor  design. 

1.0  INTRODUCTION 

GPS  measurements  are  corrected  transit  times  of  SV  generated  signals  radiated  to  a  receiving 
User.  Since  the  system  is  passive,  the  measurements  are  meaningful  only  if  the  times  at  which  they 
are  transmitted  and  received  are  precisely  known.  The  fact  is  they  are  not,  and  the  User  must  correct 
the  apparent  transit  time  with  information  supplied  to  him  or  solved  for  by  him. 

In  Figure  1,  four  SVs  are  shown  as  required  for  a  three-dimensional  navigation  solution.  This 
is  because  the  User  does  not  normally  know  his  time  -  User  Time  (UT).  The  offset  of  this  time  with 
respect  to  GPS  time  at  the  time  of  simultaneous  receptions  is  denoted  At  and  is  common  to  all  four 
measurements.  The  GPS  reception  time  is;  u 

tR=UT-Atu  (1) 

and  the  GPS  transmission  time  for  SV  i  is; 


*T  -  *Ts 
i  lsi 


i  =  1, ....  4 


where  t_  is  the  SV  time  at  time  of  transmission  and  At  is  the  offset  of  this  time  with  respect  to 

1  si 

GPS  time.  The  atmospheric  delays  from  the  SV  i  are  At.  .  Random  variations  in  the  atmosphere, 

i 

multipath  and  general  transmitter  and  receiver  noises  are  ignored;  c  is  the  speed  of  light. 

The  transit  time  is  truly  the  difference  between  the  GPS  transmit  time  and  the  GPS  receive 
time.  It  represents  the  true  slant  range  except  for  the  propagation  delays  (the  At  ).  The  User's 

l 

apparent  transit  time  defines  the  pseudo-range  measurement.  The  true  slant  ranges  are: 


i  =  i,  —  ,4 


(3) 


8  2 


Rj  =  -  t^)  -  cAt^  , 

while  the  corresponding  pseudo-range  measurements  are 

Rt  =  Rt  f  cAtAj  ♦  c(Atu  -  Ma)  -  cWT  -  tra) 


(4) 


Obviously,  there  are  the  three  basic  corrections  that  the  User  must  account  for  to  derive  true 
slant  range.  The  first  Is  the  SV  clock  offset  which  must  be  supplied  to  him;  the  second  Is  the  atmos¬ 
pheric  delay,  which  only  he  can  estimate  as  It  depends  on  his  geometry;  the  third  Is  his  clock  offset 
which  only  he  can  determine  -  the  reason  for  the  fourth  SV . 

Supplying  the  User  with  a  precise  SV  clock  offset  Is  the  joint  responsibility  of  the  GPS  Control 
Segment  and  the  GPS  Space  Vehicle  Segment  (SVS).  This  objective  and  responsibility  define  the  time 
requirements  in  GPS.  These  time  requirements  in  GPS  fall  in  one  of  three  categories: 

(1)  GPS  time  synchronization  with  UTC 

(2)  SV  time  and  data  control  for  User  acquisition 

(3)  SV  time  and  data  control  for  precise  continuous  User  navigation 

The  requirements  of  these  categories  will  be  discussed  followed  by  considerations  for  the 
Phase  m  operational  GPS.  The  concept  of  GPS  time  discussed  here  is  for  the  Phase  I  concept  valida¬ 
tion  of  GPS,  however,  most  of  them  extend  to  Phase  HI  requirements. 


Figure  1.  Relationship  of  Times  Between  SVs  and  User  and  Their  Respective  Ranges 


2.0  GPS  TIME  SYNCHRONIZATION  WITH  UTC 
2. 1  CS  Specified  Requirement 

There  is  a  requirement  that  the  CS  reference  time  shall  not  deviate  from  Coordinated  Universal 
Time  (UTC)  by  more  than  100  microseconds. 1  The  intent  of  this  requirement  is  to  synchronize  GPS 
time  with  UTC.  The  purposes  of  this  requirement  are  both  internal  to  GPS  as  well  as  for  external  sys¬ 
tems  Internally,  the  CS  has  components  which  are  agencies  that  have  no  physical  access  to  GPS  time. 
These  agencies  -  the  Air  Force  Satellite  Control  Facility  (AFSCF)  has  access  to  UTC,  and  the  Naval 
Surface  Weapons  Center  (NSWC)  works  with  data  referenced  to  UTC. 

The  AFSCF  controls  the  Air  Force  SVs  and  provides  a  backup  upload  capability  for  the  CS.  It 
also  performs  the  initial  tracking  of  those  SVs  and  provides  the  initial  ephemeris  epoch  state  to  the  CS 
for  each  of  those  SVs.  None  of  these  functions  require  time  synchronization  any  more  accurate  than  a 
second  or  two,  but  they  do  indeed  require  time  synchronization. 


NSWC  periodically  provides  the  CS  with  a  reference  ephemeris  for  each  SV.  These  references 
are  determined  using  data  measured  and  time-tagged  by  the  CS.  Therefore,  they  are  refeienced  to 
GPS  time.  NSWC  does,  however,  as  does  the  CS,  use  UTC  time-tagged  Sun  and  Moon  locations  in 
their  respective  ephemeris  determination  processes.  Again,  this  does  not  require  an  accurate  time 
synchronization,  but  does  require  "a”  synchronization. 

GPS  Users,  also  internal  to  GPS,  benefit  by  knowing  GPS  time  prior  to  navigating  with  GPS. 

The  extent  of  the  benefit  depends  on  how  accurate  their  knowledge  is.  The  maximum  benefit  is  to  know 
it  to  within  10  to  20  microseconds  so  as  to  perform  direct  "P"  code  acquisition.  This  requires  that 
they  have  a  stable  frequency  standard  in  order  to  stay  synchronized  to  GPS  time  once  they  have  ascer¬ 
tained  it.  Although  synchronizing  GPS  time  to  within  100  microseconds  to  UTC  may  provide  a  marginal 
direct  "P"  code  acquisition,  the  intent  of  the  requirement  is  not,  at  least  during  the  concept  validation 
phase,  to  provide  the  capability  to  initialize  Users  with  UTC. 

Certainly  a  very  important  use  of  GPS  is  for  time  transfer  for  initializing  or  interfacing  with 
external  systems.  This  is  where  the  real  requirement  for  synchronizing  GPS  time  to  UTC  really  lies. 
For  some  applications  the  accuracy  of  this  synchronization  certainly  has  to  be  much  better  than  the  100 
microseconds  accuracy  that  was  specified.  However,  for  the  Phase  I  GPS  there  was  no  specific  appli¬ 
cation.  For  later  phases  of  the  program,  better  accuracies  are  certainly  achievable  but  for  now  it  is 
set  at  the  100  microsecond  level. 

Time  transfer  appears  to  be  the  only  concrete  reason  for  this  requirement  during  the  initial 
phase  of  GPS.  Since  a  100-microsecond  synchronization  is  not  an  unreasonable  requirement  to  achieve 
with  the  use  of  a  "flying”  clock,  it  has  been  generally  accepted  as  the  requirement. 

2.  2  Related  Requirements 

There  are  four  related  requirements  on  the  CS  that  serve  to  reduce  the  nuisance  factor  of  main¬ 
taining  synchronization  of  GPS  time  to  UTC.  These  requirements  specify  the  stability,  the  estimation 
accuracy  and  the  control  of  the  CS  Monitor  Station  (MS)  clocks,  which  provide  the  GPS  time  reference. 
These  requirements  are  much  more  sti  ngent  than  necessary  for  synchronization  to  UTC,  as  they  are 
meant  to  maintain  internal  GPS  system  accuracy.  They  will  be  discussed  in  detail  as  requirements  for 
SV  time  and  data  control  for  precise  continuous  User  navigation.  They  do,  however,  eliminate  the  need 
for  frequent  monitoring  and  or  reinitializing  GPS  time  with  respect  to  UTC. 

2. 3  Derived  Requirements 

Although  they  are  not  specifically  stated  in  any  GPS  system  level  or  segment  level  specifications, 
there  are  requirements  imposed  on  the  CS  that  were  derived  during  the  design  process.  These  are  the 
requirements  to:  1)  initialize  an  MS  clock  with  mi  external  time  source:  2)  initialize  the  Upload  Station 
(ULS)  clock;  3)  periodically  verify  the  time  difference  between  an  MS  time  and  UTC:  and  4)  publish  the 
time  difference  between  GPS  time  ;uid  UTC. 

The  reason  for  the  first  of  these  requirements  is  obvious.  It  is  only  necessary  to  do  so  at  one 
MS  as  all  other  MSs  are  initialized  via  signals  received  from  an  SV.  All  MSs  are  capable  of  receiving 
a  pulse  from  a  'flying"  clock  (calibrated  to  UTC)  to  initialize  a  time  counter  at  a  time  entered  into  the 
MS  computer.  An  operator-induced  signal  prior  to  the  correct  pulse  enables  the  counter.  This  initial¬ 
ized  MS  is  the  first  "Master"  MS  as  its  time  is  considered  perfect  (within  a  known  bias).  The  precise 
times  at  the  other  MSs  are  estimated  through  SV  tracking  and  estimation. 

The  requirement  to  initialize  the  ULS  (computer)  clock  is  necessary  regardless  of  the  difference 
between  GPS  time  and  UTC  because  it  is  shut  down  whenever  it  is  not  in  use.  Time  is  necessary  in  the 
ULS  for  antenna  pointing  and  for  upload  verification  (within  a  second  or  two).  The  ULS  computer  or 
operators  never  have  access  to  GPS  time,  but  the  operator  does  have  access  to  UTC  (via  his  calibrated 
watch).  As  will  be  discussed  later,  there  can  be  a  significant  difference  between  GPS  time  and  UTC 
(although  known).  Since  the  ULS  receives  parameters  from  the  Master  Control  Station  (MCS)  used  in 
functions  of  GPS  time,  either  the  operator  or  the  computer  must  correct  for  the  difference. 

Of  course,  GPS  time  as  defined  by  the  "Master"  MS  and  UTC  are  going  to  drift  apart  mostly 
because  frequency  standards  cannot  be  perfectly  calibrated.  Since,  the  frequency  difference  won't  be 
known  initially,  it  will  be  necessary  to  verify  the  time  difference  between  GPS  time  and  UTC  at  later 
dates.  Changes  in  the  time  difference  may  be  predicted  based  on  these  verifications.  To  accommodate 
these  verifications  the  MS  clocks  provide  an  output  pulse  every  six  seconds.  Measuring  time  between 
one  of  these  pulses  and  a  pulse  from  a  calibrated  "flying”  clock  accommodates  the  verification. 

To  reset  GPS  time  is  disruptive  to  the  continuous  operation  of  the  GPS  system.  Because  UTC  is 
not  a  continuous  time  reference  (it  has  occasional  one  second  jumps  to  be  consistent  with  the  earth's 
rotation  rate),  and  because  GPS  time  will  drift  away  from  IfTC,  maintaining  GPS  time  to  within  100 
microseconds  of  UTC  would  be  disruptive  to  the  GPS  system.  To  have  discontinuities  in  GPS  time 
would  cause  Users  to  lose  lock  from  the  GPS  signals,  and  would  cause  extreme  difficulties  within  the 
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CS  to  coordinate  the  discontinuity.  Thus,  the  requirement  to  merely  publish  the  time  difference 
between  GPS  time  and  UTC  was  derived.  This  publication  is  interpreted  to  meet  the  intent  of  the 
original  100- microsecond  requirement. 

3.0  SV  time;  AND  DATA  CONTROL  FOP  USEH  ACQUISITION 


It  is  essential  that  the  GPS  SVs  timing  be  under  strict  control  to  enable  the  Users  to  acquire 
their  signals.  The  CS  and  the  SVS  are  designed  to  maintain  that  control. 

3.  1  GPS  Specified  Requirements 

This  time  control  requirement  is  reflected  in  part  in  the  overall  GPS  System  Specification2  that 
is  referred  to  by  the  CS  and  SVS  Segment  Specifications.  1>  3  The  requirement  is  in  the  form  of  a  defini¬ 
tion  of  the  Navigation  Signal  Structure.  The  specification  states  that  the  waveform  shall  be  specifically 
designed  to  allow  system  time  to  be  conveniently  and  directly  extracted  in  terms  of  standard  units  of 
days,  hours,  minutes  and  integer  multiples  and  submultiples  of  the  second.  It  specifies  the  SVs  "P" 
(precision)  signal  timing.  The  Pseudo-Noise  (PN)  code  chipping  rate  is  defined  to  be  10.  23  megabits 
per  second.  The  code  epoch  occurs  exactly  7  days  of  elapsed  system  time  after  its  last  epoch  by  reset¬ 
ting  itself  routinely  at  seven  day  intervals.  The  measure  of  this  elapsed  time  shall  be  the  number  of 
XI  (the  first  of  two  PN  codes  Modulo  2  summed  together)  epochs,  termed  the  "Z"  count,  which  are 
counted  since  the  PN  code  epoch.  The  time  between  XI  epochs  are  exactly  1.  5  seconds  of  SV  time. 

Thus,  a  Z  count  is  worth  approximately  1,  5  seconds  of  GPS  time  (within  the  accuracy  of  SV  time). 

The  Z  count  is  transmitted  every  six  seconds,  and  are  contained  in  the  Handover  Word  (HOW) 
of  the  also  Modulo  2  summed  synchronous  data  bit  stream  D,  and  represents  the  system  time  at  the 
start  of  the  next  data  subframe  (a  subframe  is  six  seconds  long).  The  Z  count  value  and  the  time  f  the 
PN  code  epoch  are  adjustable.  Furthermore,  all  SVs  transmit  the  same  Z  count  within  an  accuracy 
dictated  by  derived  requirements. 

The  C  A  (coarse  acquisition)  signal  code  has  a  chipping  rato  of  1.022  megabits  per  second.  Its 
XG  code  epoch  occurs  every  millisecond.  There  is  a  navigation  data  bit  transition  every  20  n  U'.isoc- 
onds,  providing  data  at  a  rate  of  50  bits  per  second.  These  bit  transitions,  the  PN  code  epochs,  the 
XG  code  epochs,  the  XI  code  epochs  and  the  D  data  bit  stream  epochs  all  occur  in  synchronization  at 
their  respective  integral  multiple  rate.  All  rates  are  coherently  derived  from  the  frequency  standard, 
and  at  the  same  rate  on  both  the  Lj  and  L2  frequency  carriers,  whose  frequencies  are  also  derived  from 
that  same  standard. 

The  GPS  System  Specification  also  specifies  the  content  of  the  signal  data  stream  D.  For  the 
User  the  signal  data  has  two  functions.  One  is  to  allow  the  User  to  navigate  continuously,  which  is  dis¬ 
cussed  later,  and  the  other  is  to  aid  the  User  to  acquire  the  transmitted  signals.  Certain  timing  infor¬ 
mation  in  the  data  is  essential  for  User  acquisition: 

(1)  System  time 

(2)  A  preamble  for  synchronization 

(3)  Sv.bframe  identification 

(4)  SV  clock  information  for  all  SVs 

The  system  time  is  in  the  form  of  the  Z  count  In  the  Handover  Word  as  described  earlier.  The 
preamble  is  a  fixed  8-bit  word  that  appears  at  the  start  of  each  subframe  (every  six  seconds)  which 
also  coincides  with  an  XI  code  epoch  and  occurs  at  the  Z  count  transmitted  in  the  previous  HOW  word. 
There  is  also  a  subframe  identification  in  the  HOW  word,  however,  since  the  data  stream  epochs  occur 
in  synchronization  with  the  PN  code  epochs,  this  information  is  redundant  with  the  Z  count. 

For  normal  acquisition  on  "C  A",  this  is  all  the  timing  information  that  is  required  by  the  User, 
since  once  he  has  obtained  synchronization  with  the  data  stream  and  received  the  Z-count,  he  is  able  to 
"define"  pseudo- range,  transfer  to  "P"  signal  tracking  and  collect  data  required  for  navigation.  For 
efficient  direct  acquisition  on  "P",  however,  the  User  requires  a  priori  information  on  the  SV  whose 
signal  he  is  trying  to  acquire.  This  information  may  have  been  prestored  by  the  User,  which  is  only 
useful  If  he  knows  GPS  time  and  his  position  to  within  a  few  thousand  meters.  To  normally  know  this 
information,  he  would  normally  have  been  tracking  other  SV  signals.  Thus,  so  that  he  may  obtain  the 
necessary  information  to  directly  acquire  a  new  SV  s  signal,  all  SV  data  streams  contain  information 
on  all  SV  positions  and  clocks  (almanacs).  This  information  appears  in  subframe  5  of  the  data  stream, 
providing  almanacs  on  the  SVs  on  a  rotating  basis.  The  information  on  a  given  SV  appears  at  least 
once  every  25th  frame  (made  up  of  5  subframes),  or  once  every  750  seconds.  The  clock  information 
required  in  the  almanac  Is  the  SV's  time  offset  and  drift,  which  provides  the  offset  to  within  an  accuracy 
dictated  by  derived  requirements. 

Most  of  these  timing  functions  are  inherent  in  the  SV  design,  however,  the  CS  synchronizes  the 
Z  counts  on  the  SVs  and  provides  the  almanac  contents,  both  via  normal  uploading  of  the  SVs. 
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3.  2  SVS  Specified  Requirements 


In  addition  to  the  GPS  specified  requirements,  the  SVS  also  has  requirements  from  the  SVS 
Specifications  that  control  the  SVs  timing  to  enable  User  acquisition.  These  are  three  requirements 
on  the  Clock  (oscillator)  Assembly  accuracy  and  control.  The  first  is  a  frequency  accuracy.  The  fre¬ 
quency  error  of  the  SV  emission  shall  be  less  than  one  part  in  10®  during  the  life  of  the  SV.  However, 
an  error  of  this  magnitude  represents  a  time  drift  of  864  microseconds  a  day.  and  is  dominated  bv 
derived  requirements  on  the  almanac  word  sizes  jointly  with  the  requirements  on  the  frequency  of  Z 
count  code  phase  adjustments. 

The  second  requirement  is  a  requirement  for  digital  tuning.  That  is,  a  capability  is  provided 
to  reset  the  frequency  in  steps  no  larger  than  one  part  in  10‘°  over  a  range  of  ±  4  parts  in  10®  around 
the  nominal  frequency  via  the  TT&C  (telemetry)  subsystem.  The  purpose  of  this  requirement  is  to 
minimize  the  SV  clock  time  drift,  and  thus,  minimize  the  derived  requirements  stated  in  the  previous 
paragraph. 

The  third  requirement  is  the  requirement  on  the  code  reset.  That  is,  the  code  phase  and  Z 
counter  are  capable  of  being  reset  to  the  nearest  chip  (98  nonoseconds)  using  the  CS  control  link  (upload). 
The  necessity  for  this  requirement  is  to  maintain  synchronization  of  timing  between  SVs  and  to  minimize 
navigation  data  word  sizes. 

3.  3  CS  Specified  Requirements 

In  addition  to  the  GPS  specified  requirements,  the  CS  also  has  two  requirements  from  the  CS 
Specifications  that  control  the  SVs  timing  to  enable  User  acquisition.  The  first  is  that  the  Master  Control 
Station  (MCS)  generates  clock  control  commands  (e.  g. ,  digital  tuning)  when  required  to  maintain  system 
accuracy,  and  formats  these  commands  for  upload  to  the  SV.  The  formatted  Z-count  adjustment  com¬ 
mands  are  included  in  normal  CS  uploads  to  the  SV.  The  frequency  adjustments,  if  necessary,  will  be 
commanded  by  the  AFSCF  via  the  TT&C  command  subsystem. 

The  second  requirement  is  that  the  MCS  be  capable  of  generating  an  almanac  for  up  to  24  SVs. 

The  accuracy  of  the  almanac  is  sufficient  to  allow  each  user  to  acquire  the  GPS  navigation  signals  and 
get  a  position  fix  in  a  specified  time.  The  almanac  data  is  formatted  for  upload  to  each  SV  and  are 
included  in  normal  CS  uploads  to  the  SVs.  The  almanac  clock  data  is  obtained  from  a  prediction  of  SV 
clock  parameters,  which  are  products  of  a  related  requirement  on  the  CS.  That  requirement  is  for  the 
generation  of  clock  update  parameters,  whose  accuracy  must  be  much  better  than  required  for  the 
almanac.  They  are  generated  for  User  navigation  purposes,  and  will  be  discussed  in  detail  as  require¬ 
ments  for  SV  time  and  data  control  for  precise  continuous  User  navigation. 

3.  4  Derived  Requirements 

Certain  requirements  not  specified  at  the  GPS  system  level  or  segment  level  were  derived  for 
the  control  of  SV  time  and  data  to  enable  User  acquisition.  These  are  the  requirements  on  the  synchro¬ 
nization  of  time  between  the  SVs.  and  thus,  a  requirement  on  the  size  of  SV  clock  correction  words  in 
the  navigation  and  almanac  data.  The  derived  requirement  on  synchronizing  all  SV's  time  to  within  one 
millisecond  of  GPS  time  is  based  on  a  derived  requirement  that  all  SVs  transmit  the  same  bit  of  the 
navigation  data  at  the  same  time.  Thus,  the  Users  know  what  data  they  are  collecting  based  on  what 
time  it  is.  or.  for  the  sequential  User  (time-sharing  one  channel  among  1  SVs),  making  it  possible  to 
collect  data  from  all  visible  SVs  on  a  reasonable  time-sharing  basis. 

The  time  of  the  PN  code  epoch  is  not  specified  in  either  of  the  system  level  or  segment  level 
specifications.  It  has  been  defined  to  be  approximately  midnight  Saturday  Night  Sunday  Morning  Green¬ 
wich  Mean  Time  (GMT). 

4.0  SV  TIME  AND  DATA  CONTROL  FOR  PRECISE  CONTINUOUS  USER  NAVIGATION 

Given  that  the  User  is  able  to  acquire  and  track  an  SV  signal  and  demodulate  the  system  data, 
his  next  task  is  to  navigate  to  an  accuracy  dictated  by  his  mission.  To  do  this  he  needs  precise  contin¬ 
uous  knowledge  of  the  position,  velocity  and  time  of  up  to  four  SVs  in  a  desirable  geometry.  The  CS 
and  the  SVS  provide  this  information  to  the  User.  That  SV  time  information  is  discussed  here. 

4.  1  GPS  Specified  Requirements 

The  specification  on  most  User  navigation  accuracies  in  the  GPS  system  is  expressed  indirectly 
in  terms  of  User  Equivalent  Range  Error  (UERE).  The  navigation  accuracy  (one  sigma)  is  normally 
estimated  as  the  UERE  times  GDOP,  where  GDOP  is  the  Geometric  Dilution  of  Precision.  GDOP  is 
defined  as  the  square  root  of  the  trace  of  the  navigation  and  time  error  covariance  matrix  (4  by  4)  for 
the  case  where  the  pseudo-range  measurement  errors  have  unit  variance  and  are  uncorrelated.  GDOP 
depends  only  on  the  relative  geometry  of  the  User  and  the  SV's.  At  the  same  time,  UERE  is  defined  to 
be  that  uncorrelated  portion  of  the  observed  range  error. 
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The  SV  time  error  is  directly  a  User  Equivalent  Range  Error  since  it  is  always  along  the 
line-of-sight.  It  is  also  separated  from  the  total  UERE  specification  and  is  specified  in  the  budget 
for  the  SV  group  delay.  For  Phase  I,  the  specified  budget  is  a  UERE  of  nine  feet  (»  9.  146  nanoseconds) 
(one  sigma)  that  is  applicable  for  two  hours  after  all  SVs  are  updated.  For  Phase  III,  the  specified 
budget  is  a  UERE  of  three  feet  (»3.049  nanoseconds)  (one  sigma)  that  is  applicable  for  twenty-four 
hours  after  all  SVs  are  updated.  This  SV  group  delay  is  defined  as  the  summation  of  delay  uncertainty 
due  to  effects  in  the  SV  such  as  unmodeled  clock  drift  and  uncalibrated  delay  in  signal  equipment. 

This  UERE  specification  impacts  the  CS  and  SVS  jointly.  It  is  necessary  for  the  SVS  to  provide 
predictable  clock  time  offsets  to  within  the  SV  group  delay  specification,  allowing  for  reasonable  CS 
prediction  errors.  Likewise,  there  is  a  necessity  for  the  CS  to  predict  the  SV  clock  time  offsets  to 
within  the  SV  group  delay  specification,  allowing  for  unpredictable  random  SV  clock  errors.  There  is 
no  clear  division  of  the  SV  group  delay  error  budget  between  the  SVS  and  the  CS.  primarily  because  the 
stability  of  the  SV  group  delay  affects  the  CS's  ability  to  predict  it. 

The  GPS  System  Specification  also  specifies  the  content  of  Subframe  1  of  the  SV  signal  data 
stream,  which  the  CS  provides.  Subframe  1  consists  of  TLM  and  HOW  words  (provided  by  the  SVS)  and 
Data  Block  1  (provided  by  the  CS).  Data  Block  1  is  generated  by  the  CS  and  contains  the  frequency 
standard  corrections.  Corrections  for  relativistic  phenomena  are  included  within  this  data. 

The  purpose  of  Data  Block  1  is  to  provide  the  User  with  SV  clock  correction  information  to 
correct  for  SV  clock  offsets  to  within  the  specified  UERE  (one  sigma).  In  addition,  because  the  SV 
clocks  are  at  a  different  gravitational  potential  and  are  traveling  faster  than  clocks  on  the  earth,  their 
times  must  be  corrected  for  general  relativistic  effects.  Although  these  effects  wouldn't  be  classified 
as  SV  group  delay,  they  are  included  in  the  clock  correction  information. 

4.  2  SVS  Specified  Requirements 

In  addition  to  the  GPS  specified  requirements,  the  SVS  also  has  requirements  from  the  SVS 
Specifications  that  control  the  SVs  timing  for  precise  User  Navigation.  These  are  requirements  on 
equipment  group  delay  and  on  timing  stability  and  clock  drift.  The  group  delay  from  clock  to  radiated 
output  is  calibrated  prior  to  launch.  The  effective  group  delay  uncertainty  of  the  PRN  signal  is  less 
than  1.  5  nanoseconds  (one  sigma)  during  normal  operations,  and  less  than  2.  5  nanoseconds  (one  sigma) 
during  SV  eclipse  operations.  Equipment  group  delays  are  equivalent  to  tine  offsets.  Therefore, 
uncertainties  which  are  biases,  or  very  long  time-constant  variations,  are  of  no  consequence  because 
they  appear  to  be  a  clock  time  offset  or  drift.  However,  random  or  short  time-constant  equipment 
group  delays  affect  the  CS's  ability  to  predict  the  SV  clock  drift.  The  purpose  of  this  requirement  is 
to  minimize  that  effect. 

Regarding  timing  stability,  for  all  on-orbit  conditions,  the  frequency  stability  is  within  the 
requirements  specified  in  Figure  2.  This  figure  represents  the  square  root  of  Allan  2-sample  variance^ 
specification  on  clock  stability.  This  translates  to  a  clock  time  uncertainty  versus  time  that  is  presented 
in  Figure  3.  In  this  figure,  time  drift  representing  the  specified  stability  of  Figure  2  is  compared  to 
that  obtained  in  testing  various  frequency  standards,  some  of  which  are  standards  being  launched  in  GPS 
SVs.  *  These  clock  time  uncertainties  were  determined  by  converting  Allan  2-sample  variance  to  con¬ 
tinuous  time  variances.  They  do  not  include  prediction  errors  of  the  CS. 


Figure  2.  Clock  Frequency  Stability 


Figure  3. 
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4.3  CS  Specified  Requirements 


The  CS  provides  the  content  of  Data  Block  1  which  the  User  applies  to  correct  for  the  SV  time 
offset.  The  MCS  processes  retrieved  data  to  generate  a  clock  update  (i.  e. ,  clock  bias,  clock  frequency 
offset,  and  relativity  effect)  for  each  SV  (up  to  24)  accurate  to  the  level  specified  in  the  GPS  Error 
Budget.  The  MCS  generates  these  clock  update  parameters  relative  to  the  clock  that  is  designated  by 
the  operator  to  be  the  "Master”  clock.  The  MCS  formats  all  SV  ujxlate  data  consistent  with  the  GPS 
signal  structure,  generates  the  SV  data  files  and  transmits  them  to  the  ULS.  The  ULS  is  the  primary 
means  for  uploading  the  GPS  navigation  subsystem  with  valid  navigation  data. 

4.  4  Related  Requirements 


In  order  for  the  CS  to  predict  and  generate  SV  clock  update  parameters  to  the  accuracy  level 
specified  in  the  GPS  Error  Budget,  it  has  the  following  design  features  to  maintain  its  internal  timing: 

(1)  Stable  and  accurate  frequency  standards  for  the  MS  clocks 

(2)  Backup  power  for  the  MS  clocks  to  provide  continuity  of  time 

(3)  The  operator  may  choose  which  clock  is  the  "Master”  clock  without  destroying  the 
continuity  of  time 

(4)  The  MCS  corrects  pseudo-range  measurements  for  SV  clock  relativistic  effects 

(5)  The  MCS  performs  an  optimal  estimate  of  all  CS  clocks  (part  of  the  overall  estimation 
process) 

(6)  The  MCS  has  an  on-line  system  performance  evaluation  function  that  monitors  the 
characteristics  of  all  GPS  clocks 

Each  MS  utilizes  a  frequency  standard  for  deriving  its  reference  timing  functions.  The  standard 
has  a  stability  (the  square  root  of  Allan  variance)  of  1  part  in  1011  for  one  second  averaging  and  1  part 
in  10*3  for  io4  seconds  averaging.  The  standard  does  not  deviate  from  its  assigned  frequency  (using 
averaging  periods  of  100  seconds  or  longer)  by  more  than  5  parts  in  1012  for  up  to  one  year  after  cali¬ 
bration.  High  performance  Cesium  beam  frequency  standards  are  used  in  the  MSs.  The  purpose  of 
this  high  performance  stability  is  to  enable  an  estimation  of  SV  clock  parameters  without  influence  from 
the  characteristics  of  the  MS  clocks. 

With  respect  to  power  outage,  the  MS  components,  e.  g. ,  time,  timing,  and  frequency  references, 
which  require  continuous  power  have  backup  power  supplies  that  will  provide  2  hours  of  operation  in 
event  of  power  outage.  Besides  reducing  the  nuisance  factor,  the  backup  power  provides  for  a  continuity 
of  time  in  the  MSs  so  that  re- initialization  and  estimation  of  MS  time  will  only  be  required  after  long¬ 
term  power  failures.  Re- initialization  and  estimation  puts  the  SVs  in  the  role  of  providing  the  GPS  time 
reference  instead  of  the  MSs,  thus  degrading  the  capability  to  estimate  and  predict  SV  time. 

Because  power  outages  and  or  other  equipment  failures  are  bound  to  occur,  the  MCS  provides 
the  operator  with  the  means  to  select  which  CS  clock  is  used  as  the  "Master"  clock.  If  the  "Master  MS 
loses  its  time  reference,  or  if  its  time  reference  is  in  a  degraded  condition,  another  MS  is  designated 
the  "Master"  MS  with  a  negligible  shift  in  GPS  time  (expected  to  be  no  worse  than  2  to  3  nanoseconds 
with  i  step  change  in  frequency  of  no  worse  than  1  part  in  1012).  This  requirement  ensures  that  there 
will  always  be  a  CS  time  reference  of  a  quality  required  to  estimate  and  predict  SV  time. 

Secular  relativistic  effects  on  SV  clocks,  although  significant,  are  not  important  to  the  estimation 
of  SV  clock  parameters  or  SV  ephemerides  because  they  are  not  distinguishable  from  deterministic  SV 
clock  frequency  offsets.  These  apparent  offsets  are  common  to  both  the  CS  and  the  User.  Thus,  they 
can  be  absorbed  in  the  predicted  SV  clock  parameters.  However,  there  are  also  periodic  relativistic 
effects  on  the  SV  clocks  that  are  impossible  to  absorb  in  reasonable  clock  estimation  models.  There¬ 
fore.  it  is  important  that  these  periodic  effects  be  accounted  for  in  CS  measurement  processing  as  well 
as  for  SV  clock  parameter  updates.  Thus,  the  MCS  corrects  the  ranging  data  for  relativistic  effects. 

To  predict  and  generate  SV  clock  parameters,  the  MCS  performs  an  optimal  estimation  of  all 
CS  clock  update  parameters.  Since  the  MSs  are  providing  the  time  references  for  estimating  the  SV 
clock  parameters,  the  relative  difference  between  each  non-  ’Master"  MS  clock  and  the  "Master"  MS 
clock  is  also  estimated. 

The  system  performance  evaluation  function,  although  not  critical  to  the  estimation  of  SV  clock 
parameters,  provides  for  a  real  time  evaluation  of  the  estimation  and  prediction  process  as  well  as  the 
health  and  performance  of  the  various  system  clocks.  Specifically,  the  MCS  provides  performance 
evaluation  of:  (1)  residuals  between  the  latest  observed  SV  clock  state  and  the  state  predicted  by  clock 
parameters  in  the  navigation  data  frame  (an  evaluation  of  the  difference  between  what  the  User  is  receiv¬ 
ing  and  what  the  CS  is  currently  estimating):  (2)  residuals  between  the  estimate  of  the  SV  clock  state  at 
the  latest  epoch  and  the  state  which  was  predicted  for  that  epoch  1,  4,  12,  and  24  hours  before  (an  eval¬ 
uation  of  the  stability  of  the  SV  clock):  and  (3)  the  uncorrected,  synchronization  error  between  the  GPS 
time  standard  and  all  MS  and  SV  clocks  (an  at  a  glance  evaluation  of  all  the  system  clocks  as  compared 
to  GPS  time  to  monitor  the  performance  of  the  MS  clocks  and  to  ensure  the  required  synchronization 
between  all  clocks  and  GPS  time). 
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4.  5  Interface  Requirements 

The  requirements  affect in^  the  designs  in  three  segments  -  the  CS,  the  SVS  and  the  User 
Segment  (US)  were  derived  jointly  by  the  three  segments.  The  vehicle  for  deriving  these  requireme  ‘s 
is  an  Interface  Control  Working  Group  made  up  of  members  of  the  three  segments.  The  resulting  doc¬ 
ument  is  an  Interface  Control  Document  (ICDP  referenced  in  the  GPS  system  and  all  segment  level 
specifications.  This  document  imposes  derived  requirements  on  all  three  segments.  The  requirements 
regarding  SV  time  and  data  control  for  precise  continuous  User  navigation  are 

(1)  SV  group  delay  differential  between  I.j  and  L2  "P"  signals 

(2)  Li-L2  correction  for  single  frequency  Users 

(3)  The  format  of  Data  Block  1 

(4)  The  User  algorithms  for  SV  clock  corrections 

The  first  of  these  requirements  is  only  important  to  the  two-frequency  User  if  the  group  delay 
differential  is  random  or  time  varying  with  a  short  time  constant,  for  the  same  reasons  discussed 
earlier  for  the  requirements  on  equipment  group  delay.  The  group  delay  differential  between  the  radiated 
Lj  and  L2  "P"  signals  consists  of  random  plus  bias  components.  The  mean  delay  differential  is  defined 
as  the  bias  offset  in  the  (Lj-L^)  P  delay  differential.  For  a  given  Navigation  Subsystem  redundancy  con¬ 
figuration.  the  mean  delay  does  not  exceed  15.0  nanoseconds.  The  random  variations  about  the  mean 
do  not  exceed  1.  5  nanoseconds  (one  sigma).  Since  both  the  CS  and  the  two-frequency  User  use  the  Lj- 
L2  difference  for  ionospheric  corrections,  any  differential  delay  is  multiplied  by  a  factor  of  1.  5625. 

Thus  the  15  nanoseconds  results  in  a  23.  44  nanosecond  SV  clock  offset.  Because  this  would  be  normally 
absorbed  in  the  SV  clock  offset  estimate  and  prediction,  it  has  no  effect  on  the  two-frequency  User.  It 
does  have  an  ef  ’Ct  on  the  single-frequency  User,  since  the  observed  clock  offset  to  him  does  not  include 
this  delay. 

As  a  safeguard  against  an  appreciable  group  delay  differential  between  the  SV  Lj  and  L2  "P" 
signals,  an  L<-L2  correction  is  provided  lor  the  single-frequency  User.  An  Lj-L2  correction  term. 
TGD‘  is  an  estimated  correction  term  to  account  for  SV  group  delay  differential  between  Lj  and  L2- 
This  correction  is  only  for  the  benefit  of  Lj  only  or  L2  only  Users  because  SV  clock  corrections  are 
based  on  two  frequency  corrections.  This  User  corrects  SV  PRN  code  phase  time.  tTs  .  with  the 
equation  1 

S-s.  =  ‘ts.  ’  TGD  (5) 

The  CS  estimates  TqD  during  periods  when  the  ionospheric  delay  is  at  a  minimum. 

The  CS  provides  the  content  of  Data  Block  1  as  described  in  the  ICD.  In  addition  to  Tqq  and 
eight  ionospheric  model  coefficients.  Data  Block  1  contains  the  SV  clock  correction  parameters. 

These  parameters  are  three  polynomial  coefficients  a0,  aj  and  a2  ,  a  reference  GPS  time  since  weekly 
epoch.  tQC  ,  and  an  age  of  data  (clock),  AODC.  The  polynomial  describes  the  SV  PRN  code  phase 
(clock)  offset.  Ats,  .  with  respect  to  GPS  time,  tT.  .  at  the  time  of  data  transmission.  These  coeffi¬ 
cients  describe  the  offset  for  the  interval  of  time  (one  hour  as  a  minimum)  in  which  the  parameters  are 
•ransmitted.  The  polynomial  also  describes  the  offset  for  an  additional  one-half  hour  (i.  e. .  one-half 
hour  subsequent  to  the  beginning  of  transmission  of  the  next  set  of  coefficients)  to  allow  time  for  the 
User  to  receive  the  message  for  the  new  interval  of  time.  The  age  of  data  word  (AODC)  provides  the 
User  with  a  confidence  level  in  the  SV  clock  correction.  AOt)C  represents  the  time  difference  (age) 
between  the  Data  Block  1  reference  time  (t^)  and  the  time  of  the  last  measurement  update  (t^)  used 
to  estimate  the  correction  parameters.  That  is. 

AODC  =  t  „  -  t.  (6) 

OC  L 

The  CS  also  formats  the  Data  Block  1.  Of  importance  in  these  discussions  is  the  range  and 
scale  factor  of  the  SV  clock  correction  parameters  and  the  Lj-Lg  correction.  Table  1  presents  the 
format  of  these  parameters.  The  scale  factors  determine  the  accuracy.  They  were  selected  to  provide 
correction  accuracy  on  the  order  of  a  nanosecond.  The  ranges  were  dictated  primarily  by  the  worst 
case  SV  clock  drift  characteristics,  the  desire  to  minimize  the  number  of  SV  clock  control  commands, 
and  the  requirement  to  synchronize  the  PN  code  epochs  of  the  various  SVs.  The  range  of  a0  (976.  6 
microseconds)  indicates  the  accuracy  of  that  synchronization. 

For  continuous  SV  clock  correction  the  User  corrects  the  time  received  from  the  SV  with  the 
equation  (in  seconds) 


i 


(7) 


where 


\  ■  ao  +  al  \  -  toc>  +  *2  \  -  ‘oc)2  (8) 

Note  that  equations  (7)  and  (8)  as  written  are  coupled.  While  these  coefficients  aD  ,  aj  ,  and 
&2  are  generated  by  using  GPS  time  as  indicated  in  equation  (8),  the  sensitivity  of  Atg  to  tT  is 

i  i 

negligible.  This  negligible  sensitivity  allows  the  User  to  approximate  t_  by  t_  in  equation  (8). 

i  lsi 

The  parameters  a0  ,  aj  and  ^  include  all  general  relativistic  effects  on  the  SV  clock. 


Table  1.  Data  Block  1  Parameters 


5.0  SUMMARY  OF  GPS  TIME  SYNCHRONIZATION 

The  time  synchronization  between  GPS  time  and  UTC,  the  MS  clocks,  the  SV  clocks,  and  the 
User  clocks  is  summarized  in  Figure  4.  This  diagram  illustrates  the  maximum  clock  offsets  between 
the  various  clocks  and  GPS  time  and  an  expected  or  required  Phase  I  tolerance  on  the  estimate  of  those 
offsets.  The  MS  and  some  User  maximum  offsets  (3.  1  sec)  are  dictated  by  the  size  of  the  pseudo-range 
register  in  their  respective  receivers.  Normally,  this  offset  will  never  be  more  than  a  few  milliseconds 
The  User  tolerance  was  obtained  by  multiplying  a  GPS  specification  specified  UERE  of  18  to  24  ft  times 
an  expected  TDOP  of  2.  5.  (TDOP  is  the  Time  Dilution  of  Precision.  ) 
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Fig  ?  Pre  flight  Rubidium  stability  data 
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6  0  CONSIDERATION  FOR  PHASF  m 

Phase  I  sy  stern.  'certaflU^'t’he^mos  m™rou?  improvements  that  can  be  made  over  the 

especially  those  qualified  for  space  vehicl^L  Ano  h^r  ^  eVO,utlon  of  bette''  frequency  standards 
^Jtiity  to  estimate  and  predict  their  behavior  in  the  space^h ^Trtan!  impr°venient  could  be  in  the 
mil  provide  increased  knowledge  in  both  of  these  areS  environment.  The  concept  validation 

Universal  Coordinated  Time  "uTC^'wi/ho'ut'verv'i  theh0,’e^ational  Gps  is  its  relationship  to  the 
to  UTC  to  within  a  few  nanoseconds  -  at  east  toa  known  ’  GPS  time  c°uld  *  synchronized 

placing  a  GPS  User  Set  in  coincidence  with a  UTC  t  l  d/{erence-  This  could  be  easily  realized  by 
difference  between  GPS  time  and  UTC  In  fact  i  GPS  lnd  continu;Uly  monitoring  the  time 

standard.  A  normal  User  set  will  solve  for  the  difference TnUm"  ^  C0U“  bC  S,aVed  »°  a  UTC 

the  time'transfer^sers^forin^Plas^ni^tl^  tUrwediff^PS  Ume  and  UTC  does  no'  Pose  a  problem  to 
data  stream  as  part  of  Data  Block  !  dlfference  can  be  transmitted  via  the  navigation 
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SUMMARY 

Phase  I  of  the  GPS  navigation  satellite  effort  is  to  evaluate  the  performance  of 
User  receiving  equipment.  Phase  I  is  composed  of  six  satellites,  a  ground  Control  Seg¬ 
ment,  and  User  equipment.  The  Control  Segment  generates  the  data  required  by  the  User 
to  obtain  a  navigation  solution,  uploads  this  data  into  the  satellite  processor  for  trans¬ 
mission  to  the  User,  and  collects  the  satellite  ranging  data  required  to  determine  the 
satellite  ephemeris  and  clock  performance  parameters.  The  Control  Segment  software 
mechanization  to  perform  these  functions  is  a  file-based,  multi-tasked  architecture. 

This  architecture  and  its  legacy  to  future  phases  of  GPS  are  described. 

I NTRODUCTION 


GPS  Phase  I 

Phase  I  of  the  GPS  navigation  satellite  effort  is  to  evaluate  the  performance  of 
User  receiving  equipment  on  predetermined  test  ranges.  To  support  this  testing,  six 
satellites  will  be  launched  to  provide  a  pilot  space  configuration.  The  satellite  orbits 
and  spatial  locations  are  such  that  a  maximum  test  period  is  provided  over  Yuma  Proving 
Ground  (YPG) .  This  is  the  primary  test  area  for  GPS  User  equipment  evaluation. 

The  Phase  I  GPS  is  composed  of  six  satellites,  the  Control  Segment,  and  User  equip¬ 
ment.  A  representation  of  the  system  is  shown  in  Figure  1.  The  satellites  provide 
highly-stable  time-based  spread  spectrum  signal  and  navigation  data  to  the  User.  The 
ground  Control  Segment  (CS)  tracks  the  satellites  to  determine  their  ephemerides  and 
atomic  clock  errors.  The  CS  then  predicts  the  ephemeris  and  atomic  clock  model  parame¬ 
ters  for  each  satellite.  These  predictions  are  reformatted  into  User  navigation  data, 
and  uploaded  into  the  navigation  processor  of  the  satellite.  The  User  navigation  data  is 
then  transmitted  by  the  satellite  to  the  User.  The  User  equipment  demodulates  this  data 
from  the  spread  spectrum  signal,  and  utilizes  it  in  the  computation  of  User  position. 

The  primary  function  of  the  Control  Segment  is  to  generate  precise  navigation  data  for 
the  User. 


Figure  1.  GPS  Phase  I  Overview 
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User  Data  Requirements  for  Navigation  Solution 

A  nominal  three-dimensional  navigation  fix  by  a  GPS  User  requires  measurements  from 
four  GPS  satellites.  Four  satellites  are  required  because  precise  GPS  time  is  assumed 
unknown  to  the  User.  The  measurements  obtained  by  the  User  are  referred  to  as  pseudo¬ 
ranges.  Pseudo-ranges  represent  the  true  slant  ranges  (between  User  and  satellites) 
except  for  propagation  delays  and  time  biases.  The  pseudo-range  is: 


+  cACa  +  c(Atu  '  Ats  )  >  i  =  1.  ...  .A 


(1) 


where  R,  is  the  true  slant  range,  c  is  the  speed  of  light,  At^  is  signal  propagation 
delay,  Atu  represents  the  time  offset  between  the  User  and  GPS  time,  and  Ats^  is  the 
satellite  atomic  clock  time  offset  from  GPS  times. 

As  stated  previously,  the  User  must  solve  for  four  unknowns.  They  are  his  earth-fixed, 
earth-centered  coordinates  X,  Y,  and  Z  and  time  offset  Atu.  Equation  (1)  can  be  written 
in  terms  of  these  unknowns  as: 
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Therefore,  the  Control  Segment  must  provide  a  minimum  of  Xs.,  Ys . ,  Zs . ,  and  Ats.  to 
the  User.  In  addition,  the  Control  Segment  also  provides  data  to  permit  t?le  User  to1 
estimate  ionospheric  delay,  receive  special  messages,  and  determine  all  satellite  orbits. 
Ionospheric  delay  data  permits  the  User  to  estimate  propagation  delay  if  he  is  not  capa¬ 
ble  of  receiving  two  frequencies  and  performing  his  own  delay  computation.  The  purpose 
of  special  messages  is  self-evident.  The  availability  of  the  almanac  of  all  satellite 
orbits  enables  the  User  to  determine  satellites  in  view,  aid  in  satellite  selection,  and 
simplify  signal  acquisition.  Because  of  the  importance  of  satellite  position  and  time 
offset,  this  paper  will  consider  the  Control  Segment  role  in  providing  these  variables. 


CONTROL  SEGMENT 

The  Control  Segment  consists  of  four  Monitor  Stations  (MS) ,  an  Upload  Station  (ULS) , 
and  a  Master  Control  Station  (MCS) .  The  Monitor  Stations  are  located  at  Hawaii; 

Elmendorf  AFB,  Alaska;  Guam;  and  Vandenberg  AFB,  California.  The  remote  Monitor  Stations 
have  been  discussed  in  a  previous  paragraph  and  will  only  be  summarized  here.  The  MSs 
are  unmanned  data-collection  centers  under  direct  control  of  the  MCS.  Each  MS  consists 
of  a  four-channel  User-type  receiver,  environmental  data  sensors,  an  atomic  frequency 
standard,  and  a  computer  processor.  The  receiver  measures  the  pseudo-range  and  delta 
pseudo-range  (integrated  doppler)  of  the  satellite  spread-spectrum  signal  with  respect  to 
the  atomic  standard.  It  also  detects  the  navigation  data  on  the  spread-spectrum  signal. 
The  environmental  sensors  collect  local  meteorological  data  for  later  tropospheric  signal 
delay  corrections  at  the  MCS.  The  computer  processor  controls  all  data  collection  at  the 
MS,  and  provides  the  data  interface  with  the  MCS.  All  data  obtained  by  the  MS  is  buffered 
at  the  MS  and  then  relayed  upon  request  to  the  MCS  for  processing. 

The  Upload  Station,  located  at  Vandenberg  AFB,  provides  the  interface  between  the 
Control  Segment  and  the  satellites.  The  ULS  has  been  discussed  previously  and  will  onlv 
be  summarized  here.  The  ULS's  function  is  to  utilize  an  S-band  command-and-control  up¬ 
link  to  upload  data  into  a  satellite  navigation  processor.  This  upload  data  can  be  User 
navigation  data,  requests  for  processor  diagnostics,  or  commands  to  change  the  satellite 
time  provided  to  the  User. 

The  MCS  is  also  located  at  Vandenberg  AFB,  and  completely  controls  the  operation  of 
the  Control  Segment.  It  performs  the  computations  necessary  to  determine  satellite 
ephemeris  and  atomic  clock  errors,  generates  satellite  upload  of  User  navigation  data, 
and  maintains  a  record  of  satellite  navigation  processor  contents  and  status.  The  MCS 
also  has  interfaces  with  the  Satellite  Control  Facility  (SCF)  and  Naval  Surface  Weapons 
Center  (NSWC) .  The  SCF  provides  a  backup  upload  capability  in  case  of  ULS  failure.  The 
SCF  also  provides  satellite  telemetry  and  command  information.  NSWC  generates  a  pre¬ 
dicted  ephemeris  reference  from  MCS  smoothed  pseudo-range  measurements  for  use  by  the 
MCS  in  the  ephemeris  estimation  process.  Figure  2  shows  the  interfaces  between  the 
satellites,  User  equipment,  and  the  Control  Segment. 

Ephemeris  and  Clock  Offset  Computations 


The  satellite  position  and  clock  offset  data  employed  by  the  User  to  compute  his 
navigation  solution  is  completely  generated  by  the  MCS.  Figure  3  illustrates  the  opera¬ 
tions  of  the  MCS  to  perform  this  function.  As  seen  from  Equation  (2),  the  MCS  requires 
a  time  reference  (referred  to  as  GPS  time).  This  time  reference  is  established  by  the 
MCS  designating  one  of  the  Monitor  Station's  atomic  frequency  standards  as  GPS  time. 

GPS  time  is  directly  related  to  Coordinated  Universal  Time  (UTC)  by  synchronizing  an  MS 
clock  to  the  UTC  calibrated  "flying  clock".  However,  GPS  time  does  not  contain  the 
instantaneous  1  second  changes  required  by  UTC.  A  detailed  discussion  of  the  GPS  time 
and  estimation  process  described  herein  is  given  in  a  following  chapter. 


AvtKAiilNG  TIME  (SEC) 


Pur  (lift  .1  period  ot  normal  tracking  (.  I  .  e  .  ,  period  not  selected  tor  satellite  navlga 
lion  processor  loading)  the  MCS  polls  the  Monitor  Stations  lor  raw  data  on  nominal  ’> 
minute  Intervals.  The  pseudo- range .  delta  pseudo  ratine,  and  mol  enrol  oft!  ea  1  data  t  rom 
the  MSs  are  transmitted  to  the  MCS  over  leased  t  e  leeommun  i  eat  Ions  channels.  The  ranging 
data  is  collected  at  nominal  (>- second  Intervals  hv  the  MSs. 

The  pseudo-ranfte  and  delta  pseudo-range  measurements  are  corrected  and  edited  lot 
wild  points  upon  enteritift  the  MCS.  The  corrections  made  Include  time  tap.  corrections  to 
Ill’S  time,  antenna  lever  arm  offsets,  receiver  calibration  values.  Ionospheric  delay, 
pone r a  1  relativity  corrections  t.  satellite  clocks,  ami  tropospheric  delay  corrections 
based  on  the  MS  met eoroloplcal  data.  The  corrector  also  removes  the  reference  ephemerls 
from  the  ranpinp  measurements  prior  to  smooth! lift  ti  e.,  primary  orbit  kinematics  are  re 
moved  prior  to  smoothing)  .  The  smoother  operates  on  either  a  S ,  IS,  or  Ill-minute  Interval 
of  6-second  range  data  points.  The  editing  ot  this  data  is  based  on  three-sigma  pre¬ 
dicted  measurement  covariances  from  the  Kalman  estimator.  Since  the  Kalman  estimator  is 
l i near t ceil  about  the  NSWC  reference  trajectory,  the  reference  must  he  added  onto  the 
smoothed  ranges  prior  to  transmission  to  NSWtl.  The  reference  ephemertdes  are  not  used 
again  in  the  estimation  process. 

The  smoother  performance  evaluator  (SPKSMl))  computes  parameters  to  evaluate  data 
measurements  during  the  normal  data  collection  process.  After  each  smoothing  interval, 
the  following  data  is  computed: 

•  Differences  between  MS  navigat Ion  solut ion  and  known  MS  posit  Ions 

•  Average  measured  ionospheric  delay  and  ionospheric  model  differences 

•  Meteorological  sensor  measurement  averages 

•  Residuals  ot  MS  measurements  and  smoothed  pseudo- ranges 

•  Differences  ot  smoothed  and  predicted  pseudo- ranges 

ThV  smoothed  ranging  measurements  (less  reference  ephemerls)  are  the  primary  input 
to  the  recursive  Kalman  estimating  process.  The  Kalman  processor  is  fund  lonallv 
separated  Into  two  parts:  the  pre-processor  and  the  estimator.  The  pre-processor 
basically  establishes  the  mathematical  model  configuration  to  be  processed  by  the  esti¬ 
mator.  The  primary  function  of  the  pre-processor  is  to  establish  the  satellite  partitions 
prior  to  estimation  The  partitioning  ot  satellite  solutions  results  because  ot  the 
fradeott  between  testing,  the  importance  ot  correlated  error  sources  and  knowing  that  the 
number  ot  states  can  become  mathematically  cumbersome.  Therefore,  the  nutr  or  ot  satellite 
solutions  per  partition  is  limited  to  anv  number  less  than  or  equal  to  four.  The  pre¬ 
processor  also  establishes  initial  conditions  ami  reinitializes  the  Kalman  estimator. 

The  Kalman  estimator  provides  an  optimum  best  estimate  of  the  present  satellite 
ephemerls  and  atomic  clock  error  from  CPS  time.  The  Individual  states  estimated  for  each 
port  ion  a i  e 

•  Sat  clitic  pos  i  t  l  on 

•  Sat  e  l  1 1 1  e  ve  1  oc  1 1  v 

•  Solar  pressure  constants  (three  components) 

•  Satellite  clock  bins,  frequency  offset,  and  drift  rate 

•  block  bias  and  frequency  offset  for  three  Monitor  Stations  (one  MS  clock  is  CPS 
t  l me) 

•  Tropospheric  residual  biases  for  all  MSs 

•  Polar  wander  (three  states) 

In  the  font  satellite  cases,  a  partition  will  contain  up  to  t>  1  states. 

The  estimator  performance  evaluator  (Sl’KKAl.)  provides  visibility  into  the  quality  of 
the  Kalman  estimation.  This  is  accomplished  hv  providing 

•  Residuals  between  reterence  ephemerls  and  Kalman  estimates  ot  satellite  position 

•  Raima  a  Mates  ami  their  estimation  error  standard  deviations 

•  Residuals  between  smoothed  measurement s  and  Kalman  estimates 

a  K.  sidusls  between  present  satellite  clock  offset  estimates  and  predicted  values 

la'. i  processing  described  is  typically  performed  during  each  Kalman  estimate 

he  expo.  ••■I  accuracy  ot  these  predictions  is  l.bb  meters  (one  sigma)  tor  line 
.  i  i  cmrnt  ot  satellite  ephemerls  after  .’/*  hours,  and  '•  ns  ot  satellite  clock 
•<  ’  •  I  me  ittei  •  . ’>  bouts  The  elapsed  t  into  period  for  this  accuracy  is 

t  i  its  the  satellite  navigat  ion  processor  is  uploaded.  To  complete  the 
•  .  exult  Inc  Item  l-.q  nation  t.')  ,  the  Ml'S  must  use  these  predict  Ions  to  gen 

if  t  message  tha  can  be  provided  to  the  User  via  t  lie  satellite  in  a 


Uploading  Satellites  Foi  User  Navigation 


During  the  Phase  1  User  testing,  the  satellites  are  uploaded  at  least  once  per  dav 
Multiple  uploads  of  User  navigation  data  can  also  he  performed  to  support  special  testing 
requirements.  This  process  will  he  described  in  a  subsequent  paragraph  and  Is  onlv 
summarized  here  During  the  upload  process  ot  six  satellites,  the  US  (and  in  partictil.it 
the  MUSI  is  operating  at  nearly  full  capability.  In  addition  to  collecting  ranging 
data  from  Monitor  Stations  .and  pertorming  Kalman  estimates,  the  MUS  must  generate 
satellite  uploads,  provide  them  t o  the  Ul.S  for  transmission,  and  verify  the  satellite 
upload  process  hv  collecting  telemetry  (T1.M1  verification  data  from  the  Monitor  Stations. 
This  TLM  verification  data  is  contained  in  the  User  navigation  data  modulated  onto  the 
spread-spectrum  signal  by  the  satellite.  The  verification  process  is  depicted  in  Figur e  i 
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Figure  4.  Ul'S  Satellite  Upload  Verification  Process 

The  nominal  satellite  upload  scenario  consists  of  uploading  the  satellite  iust  prior 
to  its  entering  the  test  ing  area  at  Yuma  Proving  Uround  (YPGl .  Depending  upon  the  accuracy 
of  satellite  clock  data  desired  tor  testing,  the  new  User  navigation  data  can  again  be 
provided  to  the  satellite  during  the  test  period.  Because  of  the  importance  and  time 
criticality  of  the  uploading  process  to  User  testing,  the  priority  of  satellite  uploading 
in  the  Uontrol  Segment  is  much  higher  than  any  other  activity.  Uploading  also  requires 

resources  such  as  devoted  MS  receiver  channels  for  verification  and  MUS  computer  assets 

for  generating  upload  messages  and  verifying  the  satellite  upload  process.  Therefore, 
during  the  upload  period,  normal  range  data  collection  mav  be  delayed  and  total  US 
resources  must  be  allocated  accordingly. 

There  are  two  navigation  message  uploads  used  to  support  User  testing  They  are 

referred  to  as  the  6-hour  and  26-hour  upload.  The  6-hour  upload  consists  of  satellite 

ephemeris  and  clock  error  parameters  for  onlv  6  hours.  The  26-hour  upload  contains 
sufficient  data  for  .’6  hours  of  satellite  orbit  .  and  consists  of  satellite  ephemeris, 
satellite  clock,  all  satellite  almanacs,  and  a  special  message.  Either  upload  can  con¬ 
tain  satellite  navigation  processor  diagnostic  requests.  The  6-hour  upload  wi l 1  be  used 
to  initialize  or  refresh  User  navigation  data  for  testing.  The  26-hour  upload  supports 
otice-a-dav  uploading,  and  final  uploading  before  loss  of  satellite  visibility  to  the  Ul.S 

The  upload  process  is  completely  controlled  by  the  MUS.  As  shown  in  Figure  S.  the 
MUS  generates  the  upload  message,  maintains  an  image  of  the  satellite  navigation  processor, 
monitors  the  uploading  process,  and  verifies  the  satellite's  transmission  of  the  User 
navigation  message.  The  upload  generation  is  Initiated  and  completely  controlled  hv  the 
satellite  processor  manager  ( RAMMAN 1 .  RAMMAN  initiates  the  veneration  of  predicted 
ephemeris  anil  clock  parameters  for  the  upload.  Almanac,  special  messages,  and  diagnostics 
a* e  added  if  required.  RAMMAN  then  selects  the  portion  of  processor  memory  to  be  loaded, 
and  generates  the  User  navigation  message  format  tables.  These  tables  control  the  dura 
t  ion  and  starting  time  of  individual  data  messages.  The  upload  generator  (CENUl'l  formats 
the  upload  message  into  a  sate  1 1 i t e-compat i ble  data  form.  The  transmission  control  lei 
(SENDUP)  then  sends  the  data  to  either  the  Ul.S  or  SUF  for  normal  or  backup  uploading  of 
the  satellite,  respectively. 

The  upload  data  is  checked  for  transmission  errors  during  the  Ul.S  upload  process  and 
upon  tran  mission  via  satellite  to  the  User.  The  upload  verification  is  accomplished  In 
the  MUS  bv  collecting  TLM  words  from  at  least  one  MS  receiver  channel  (Tl.MHflWI  .  These 
words  are  presented  to  the  MUS  operator,  and  relayed  to  the  Ul.S  tot  the  formal  verifies 
tfon  ot  the  satellite  uploading.  The  navigation  message  radiated  by  the  satellite  to  the 
User  is  also  systematically  checked  bv  the  MUS  every  t  i me  it  is  changed  bv  the  satellite 
(NAVUHK1  This  data  is  collected  bv  t  lit*  Mon  i  t  or  Stations  either  ant  omat  i .  al  lv  "  upon 

eoirniiind  from  the  'It'S,  and  relaved  to  the  Mr.  for  verification  when  requested 

ihe  MUS  must  be  ihlc  to  support  t  hi  itel  ite  ephr  .its  and  clock  estimation  d 

relllte  upload  proem.  1'rcvldtng  the  navigation  data  t  '  c  lb.  :  is  of  com  .  .  t 

.*  t  •  i .  .  t  ■  *  i  it  Is  nr  4  '‘Hiti  v  tot  t  n  i\  i  ir  i  on  m  •  •  ’  ut  l  oi 
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t'i&uve  5.  MCS  Upload  Message  Processing 


MCS  SOFTWARE  MECHANIZATION 

The  MCS  software  architecture  is  one  of  a  collection  of  distinct  software  tasks 
isolated  from  one  another  by  the  data  base.  The  system  is  run  in  a  v  -lti-tasking  environ¬ 
ment,  with  tasks  vended  to  the  operating  system  (.OS!  after  determination  that  task  prece¬ 
dence  has  been  satisfied.  Thus,  as  many  tasks  are  running  (up  to  a  fixed  limit!  as  can 
he  running  concurrently,  considering  the  technical  requirements  of  each  task.  To  distin¬ 
guish  and  control  successive  taskings,  up  to  three  bvt e-level  parameters  are  passed  to 
the  task  at  commencement  of  execution.  These  parameters  are  often  indexes  to  the  data 
base,  typically  an  MS  or  SV  index.  Each  task  is  assigned  a  unique  priority,  and  is 
allocated  computer  resources  accordingly.  T.  as,  tasks  in  the  upload  string  (generally! 
outrank  other  tasks  within  the  system,  and  command  available  resources  during  this  time- 
critical  phase  of  the  operation.  The  operator  can  bump  this  priority  (either  for  the 
prevailing  execution  or  permanent Iv!  as  the  need  arises. 

The  data  base  is  the  minimal -capahi l i t v .  di sc -res i dent  data  base  management  svstem 
(DBMS!  required  to  ensure  data  integrity  and  security.  Data  definition  (i.e.,  the  struc¬ 
ture  of  the  data  base)  was  defined  in  conjunction  with  system  synthesis  and  is  fixed  in 
the  code.  Data  manipulations  are  restricted  to  simple  t’.ETs  and  Pin's  into  the  data  files 
for  either  data  or  header  information  (GETHPR/PUTHDR! .  With  the  exception  of  the  three 
byte-level  parameters,  all  input /output  (1/01  passes  through  the  data  base.  Data 
integrity  is  typically  ensured  through  task  precedence:  The  generating  task  shall  com¬ 
plete  before  the  using  task  is  executed,  and  shall  not  he  re tasked  before  the  using  task 
has  terminated.  Where  more  than  one  concurrent  task  shares  files,  a  simple  queuing 
scheme  augments  task  precedence.  With  the  exception  of  shared  tables,  t  lie  DBMS  code  is 
local  to  the  task.  Figure  6  (although  rather  busy!  illustrates  this  system-level  data 
interdependence.  Although  most  of  the  tasks  are  shown,  only  the  critical  files  are 
represented  on  the  figure.  There  are  70  distinct  files  in  the  MCS. 

Security  of  tue  constantly  updated  data  base  Is  ensured  by  maintaining  a  "node"  or 
kernel  from  which  the  operation  may  he  restarted.  This  node  is  snapped  upon  anv  task's 
termination  (providing  its  files  are  to  be  noded!  by  copying  any  portion  (sector!  of  its 
data  base  which  has  been  altered  since  its  last  execution.  This  alteration  is  maintained 
in  a  "sector  vector"  updated  for  selected  files  In  the  system  by  DBMS.  Not  every  file 
must  be  noded.  and  the  disc-resident  data  base  is  split  between  the  noded  and  non-noded 
files . 

Upon  nodlng,  the  sector  vector  is  reset  awaiting  the  next  task  execution.  F.verv 
noding  is  also  output  to  the  current  system  tables  (principally  the  tasking  stack!  so 
that  (upon  recovery!  any  task  either  in  execution  or  awaiting  noding  may  he  put  back  into 
execution  upon  recovery  from  the  node.  Thus  the  node  may  he  described  as  an  increment al Iv- 
updated  data  base,  each  increment  consisting  of  those  file  segments  altered  by  a  given 
task  following  its  successful  completion.  Actually  there  are  two  nodes  for  the  recoverv 
data  base  to  eliminate  1)  problems  occurring  during  the  noding  process,  and  2)  slow 
degradation  ("poisoning"!  of  the  data  base  through  non-fatal  faults  Whereas  the  first 
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node  is  processed  asynchronous Ly  as  tasks  complete,  the  second  node  Is  processed  trom  the 
first  at  relatively  long  intervals  (e.g.,  hourly)  via  a  sector  vector  maintained  between 
the  first  and  second  nodes.  The  two  nodes  are  also  located  on  separate  removable  disc 
packs,  so  that  either  node  (providing  it  is  viable)  can  be  used  for  recovery  even  with 
one  disc  (of  two)  down.  A  portion  of  the  data  base  is  additionally  contained  on  magnetic 
tapes,  two  of  which  are  typically  mounted  and  a  third  unit  assignable.  Data  on  tapes  are 
not  backed  up  on  the  nodes. 

Operational  command  and  control  is  exercised  through  a  9600-baud  direct -view  storage 
terminal  (DVST)  CRT.  Primary  operations  feedback  is  obtained  through  a  1200-baud  event 
printer,  which  posts  eventful  output  asynchronously  processed  by  each  task  in  the  system. 
An  audio  alert  may  accompany  any  event,  and  any  event  may  be  used  to  abort  the  task. 

Either  condition  is  settable  (resettable)  by  the  operator  at  the  DVST.  Any  file  within 
the  system  can  also  be  viewed  (dumped)  or  the  data  content  changed  via  the  DVST.  The 
planning  function  (PLAN  in  Figure  6) ,  graphing  of  technical  output  (GRAF  in  Figure  6) , 
and  setting  (resetting)  system  time,  are  typical  functions  of  the  operations  interface. 

The  task  control  function  ensures  that  the  operations  control  task  (OPSCON)  is  always 
active,  and  reinitiates  it  immediately  following  an  abort.  OPSCON  is  typically  in  a 
"wait"  state  awaiting  operator  input.  Maximum  visibility  of  the  operation  of  the  system 
is  afforded  the  operator  by  enabling  viewing  and  alteration  of  the  system  tables. 

Figure  7  illustrates  the  host  computer  hardware,  a  Xerox  550  with  128k  32-bit  words 
of  core  (645  ns  cycle  time),  two  11. 8M  bytes  (8  bit)  disc  drives  (each  with  5 . 7M  bytes  on 
removable  packs),  three  800/1600  bpi  magnetic  tape  units,  two  Tektronix  4014-1,  9600- 
baud  DVSTs  with  a  single  (shared)  hardcopy  unit,  three  300-baud  alphanumeric  data  entry 
CRTs  (only  one  of  which  is  used  for  operational  support),  a  110-baud  computer  control 
TTY  keyboard  printer,  a  300-lpm  line  printer,  and  a  200-cpm  card  reader.  The  line  printer 
is  only  incidently  used  in  operational  support ,  the  card  reader  not  at  all. 

CONTROL  SEGMENT  SOFTWARE  LEGACY 

The  software  is  interfaced  with  the  host  computer  hardware/OS  (currently  the  Xerox 
550  and  Computer  Program-Real  time,  CP-R) ,  through  the  system  "core".  The  core  contains 
all  of  the  host  computer-dependent  code,  and  thus  isolates  the  remaining  code  from  host 
changes.  This  provides  exceptional  legacy  for  the  bulk  of  the  code  as  onlv  the  core 
(some  15';,  of  the  60,000*  lines  of  code)  is  host  dependent.  Specifically,  assembly 
language  instructions  as  well  as  Non-ANSI  FORTRAN  code  is  restricted  to  reside  only  in 
the  core.  As  an  illustration,  code  checkout  of  most  of  the  code  (except  the  core)  was 
conducted  on  a  CY’BER  70  Model  172.  Except  for  differences  attributed  to  word  length, 
results  were  identical. 


Figure  6. 


System  '  i'Vi'I  Da:. i  Interdependence  Diagram 


Figure  7.  Master  Control  Station  (MGS')  Functional  Block  Diagram 


The  data  base  is  structured  such  that  it  may  be  easily  expanded  to  encompass  addi¬ 
tional  remote  stations  (e.g. ,  MSs)  and  SVs .  Internal  code  buffers  are  commented  with  the 
algorithm  defining  the  dimensions;  a  re-compilation  following  re-dimensioning  would  be 
all  that  is  required. 

The  basic  architecture  additionally  provides  for  the  progressive  offloading  of  opera¬ 
tor  duties  as  the  level  of  support  activities  increases.  The  event  outputs  (appearing  on 
the  event  printer  at  the  operator's  position)  are  designed  to  automatically  invoke  a  soft¬ 
ware  segment  should  corrective  action  be  required.  To  the  extent  that  the  event  parameters 
(groups  ot  four  words)  together  with  their  catalog  number  are  definitive,  additional  deci¬ 
sion  processing  can  be  encoded  and  a  code  segment  added  to  the  event  processor.  Thus,  an 
operator  decision  and  reaction  which  hat-  become  routine  and  tiresome  can  be  relegated  to 
the  system  with  a  relatively  simple  code  modification.  Further,  routine  operator  proce¬ 
dures  may  be  cataloged  and  stored,  then  later  invoked  in  a  hands-off  fashion  to  ease  the 
operator  load  and  provide  fast,  accurate  execution  of  relatively  complex  procedures. 

The  Control  Segment  software  was  developed  with  Phase  Ill  in  mind,  both  operat ional lv 
and  to  minimize  host-hardware/operat ing- system  change  impact. 


*This  count  includes  only  executable  code 
are  omitted  from  the  count ) , 


(i.e  ,  COMMON  DIMENSION,  comment  cards,  etc., 
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GPS  MASTER  CONTROL  STATION  OPERATIONS 


H.  C.  Johnson 
General  Dynamics 
Electronics  Division 
P.  O.  Box  81127 
San  Diego,  CA  92138 
U.S.A. 


SUMMARY 

The  primary  mission  of  the  Control  Segment  is  to  maintain  current  and  accurate  navi¬ 
gational  data  on  the  RE’  (1,-band)  downlink  of  the  satellites.  To  do  this,  the  Control 
Segment  tracks  all  of  the  satellites,  takes  range  measurements,  estimates  the  satellite's 
ephemer ides ,  and  periodically  uploads  current  data  and  down  1 i nk- format! i ng  instructions 
into  the  satellite's  on-board  computer.  The  satellite  then  downlinks  the  navigation 
data  on  the  L-band  RF  signal  according  to  the  prescribed  format.  The  navigation  data  is 
interpreted  by  the  user  system  to  determine  the  location  of  the  satellite.  This,  to¬ 
gether  with  the  user’s  range  measurements  from  four  satellites,  determines  the  user's 
position  and  time. 

The  Control  Segment  is  designed  to  operate  automatically  in  conjunction  with  an  up¬ 
load  schedule  that  is  manually  entered.  This  suggests  very  straightforward  and  simplistic- 
operating  procedures.  However,  the  functioning  of  the’  entire  system  in  the  "real-world" 
environment  (basically,  the  environment  for  which  it  is  designed)  includes  the’  operation 
of  the  hardware1,  software  (or  firmware),  and  system  operators  (controllers),  and  the  inter¬ 
actions  between  each.  The  anomalous  conditions  that  can  arise  from  a  combination  of 
failures  in  any  or  all  three  categories  suggest  that  complex  algorithms  are  required  to 
sustain  operations  and  troubleshoot  the  syste’m.  This  requirement  is  met  by  trained  per¬ 
sonnel  with  experience  in  operations  and  in  the  system  (mainly  software)  design. 

SATELLITE  TRACKING 

The  satellite  orbits  are  maintained  very  nearly  circular  with  a  period  of  one-half 
a  sidereal  day  (altitude  -v  20,000  km).  Since1  the1  ground  tracks  repeat  each  sidereal  day. 
so  does  the  operational  scheduling.  The  satellite  visibility  generator  (VISGEN)  is 
initiated  (nominally)  one:e  each  sidereal  day.  This  visibility  data,  together  with  the 
satellite  ephe’mer ides ,  are  used  by  the  Monitor  Station  scheduler  (MSSKED)  to  generate 
tracking  polynomials.  Tracking  polynomials,  together  with  tracking  sequence  data  from  the 
MCS  data  base,  are  transmitted  to  all  Monitor  Stations.  The  tracking  parameters  consist 
of  a  ninth-order-range  polynomial  and  satellite  rise  and  set  times.  The  polynomial  is 
used  by  the  Monitor  Station  Computt'r  Program  (MSCP)  to  furnish  the  receiver  with  initial 
estimates  of  range  and  range-rate  (doppler)  to  aid  it  in  acquiring  the  satellite.  The 
rise  and  set  times  tell  the  MSCP  when  a  given  satellite  is  visible.  The  tracking  se¬ 
quences  basically  assign  any  of  the  24  satellites  to  each  of  the  four  receiver  tracking 
channels.  Normally,  a  satellite  is  assigned  to  a  channel  for  a  minimum  of  2-1/2  minutes 
before  another  satellite  will  be  assigned  to  that  charnel.  If  four  or  fewer  satellites 
are  visible,  the  satellites  will  remain  assigned  to  the  same  channels  until  additional 
satellites  come  into  view.  Two  different  methods  of  sequencing  are  used;  Monitor  Station 
(MS) algorithm,  or  a  Master  Control  Station  ( MCS ) -generated  sequence.  The  MS  algorithm 
assigns  the  visible  satellites  according  to  an  algorithm  internal  to  the  MSCP  and  in 
accordance  with  parameters  furnished  by  the  MS  scheduler  (MSSKED).  These  parameters  in¬ 
clude  a  start  time  that  is  normally  used  to  synchronize  tracking  between  the  different 
Monitor  Stations,  a  minimum  time  slot  (normally  2-1/2  minutes,  as  described  above),  a 
channel  de-allocation  matrix,  and  a  receiver  polling  interval.  The  polling  interval  is 
the  time  interval  over  which  the  receiver  smooths  the  pseudorange  measurements  and  inte¬ 
grates  the  doppler  measurements.  This  is  normally  set  at  G  seconds,  i.e.,  the  receiver 
will  output  one  range  measurement  and  one  delta-range  measurement  every  six  seconds.  The 
MCS-generated  sequence  assigns  satellites  to  channels  in  a  repetitive  sequence.  This  se¬ 
quence  can  consist  of  up  to  16  different  satell ite/channel  assignments  that,  upon  comple¬ 
tion,  will  repeat  itself.  This  sequence  also  includes  start  and  stop  times  such  that  one 
sequence  can  replace  another,  or,  upon  termination  of  the  last  valid  MCS-generated  se¬ 
quence,  the  MS  can  revert  to  the  MS  algorithm.  Once  run,  MSSKED  automatically  runs  at 
least  twice  per  sidereal  day  to  generate  now  tracking  parameters  for  each  sate  1 1 i t e/MS 
combinat ion , ,  as  required. 

The  pseudorange  tracking  data  collected  by  the  MS  is  packaged  by  the  MSCP  in 
(nominally)  5  minute  packages  as  designated  by  the  MCS.  Each  package  nominally  contains 
as  many  as  50  measurements  from  one  satellite  (5  minutes  at  6  seconds  per  measurement), 
and  includes  meteorological  data  for  use  in  calculating  tropospheric  corrections. 

The  tracking  data  is  retrieved  from  the  monitor  stations  by  the  MCS  tracking  data 
preprocessor  task  (PREP).  PREP  is  automatically  tasked  when  the  system  is  started  up, 
and  subsequently  retasks  itself  to  automatically  collect  data  from  all  Monitor  Stations. 
Each  poll  of  a  Monitor  Station  returns  one  package  (nominally  five  ninutos)  of  tracking 
data.  When  three  such  packages  have  been  collected  and  preprocessed,  il  i.  smoothed  ^b\ 
SMOOTH)  ovi.r  the  IS  minute  interval  and  processed  by  the  Kalman  estimator  (KM, MAN).  Thus, 


the  clock  and  ephemeris  estimates  are  updated  every  15  minutes.  PREP  also  collects  satel¬ 
lite  (control -moment  gyro)  momentum  dump  data  transmitted  by  the  satellite  and  collected 
by  the  Monitor  Station.  This  data  is  used  by  KA1.MAN  to  increase  its  uncertainty  in  the 
appropriate  ephemeris  states. 


Ttie  PREP-SMOOTH-KALMAN  string  runs  automatically,  with  no  operator  intervention. 
However,  opera tor- i n i t ia ted  [.irtiul  reinitialization  of  Monitor  Station  clock  states, 
usually  in  conjunction  with  KA1.MAN  backup,  is  sometimes  employed  when  a  Monitor  Station 
clock  reference  has  been  lost  due  to  power  outage,  equipment  malfunction,  etc.  This  pro¬ 
cedure  backs  up  the  KALMAN  to  the  estimates  made  in  the  (15  minute)  interval  just  prior 
to  the  first  valid  data  obtained  from  the  Monitor  Station  in  question  (presuming  that 
the  problem  has  been  corrected)  and  increases  the  uncertainty  in  the  monitor  station 
clock  offset  state  for  the  next  interval.  This  results  in  a  new  initial  estimate  of 
that  state  and  the  Kalman  estimator  (KALMAN)  then  proceeds  in  the  normal  manner. 

UPLOAD 

The  Control  Segment  performs  three  basic  upload  types:  Initialization;  Control; 
and  Navigation  data.  The  second  two  may  be  combined.  The  initialization  upload  is 
done  only  once  for  a  new  satellite  processor.  The  upload  data  block  consists  of  the 
parity  tables  used  by  the  satellite  to  put  Hamming  parity  on  the  downlink  telemetry 
(TI,M)  and  hand-over-word  (HOW)  data  words,  and  standard  navigation  data.  All  uploads 
will  begin  with  an  address  block  containing  the  appropriate  satellite  address  and  will 
end  with  an  End-of-Message  block  that  signals  the  satellite  processor  that  the  upload 
is  completed. 

A  control  upload  contains  time  initiated  events  known  as  Z-counter  events.  These 
can  consist  of  any  or  all  of  tin*  available  types  of  Z-counter  events  as  described  else¬ 
where  in  this  document.  A  control  upload  consisting  of  a  Z-counter  adjust  is  always 
made  following  the  initialization  upload  of  a  new  satellite  processor.  This  upload 
causes  the  satellite  Z-counter  to  synchronize  to  GPS  time.  This  upload  will  also  be 
used  any  time  the  satellite  clock  diverges  by  more  than  1  millisecond  from  GPS  time. 

A  normal  upload  will  consist  of  Z-counter  events.  Frame  Formatter  Table  (FFT)  cut- 
over,  modifications  to  the  FFT,  and  optional  navigation  data  processor  diagnostics  com¬ 
mands,  two  Frame  Formatter  Tables,  and  data.  The  data  will  consist  of  clock,  ephemeris, 
and  almanac  data,  and  text  messages.  The  clock  and  ephemeris  data  will  normally  be  S 
or  26  1-hour  "pages"  predicted  from  the  latest  Kalman  estimates  of  the  GPS  states.  The 
almanac  will  contain  21  satellites'  ephemeris  and  clock  estimates  with  a  dummy  (25th 
satellite)  filler  of  random  numbers.  The  almanac  data  will  normally  be  generated  from 
the  predicted  ephemeris  generated  for  that  purpose  during  the  day,  but  not  necessarily 
using  the  latest  Kalman  estimates.  This  is  because  the  almanac  accuracy  requirements 
are  not  nearly  so  stringent  as  the  clock  and  ephemeris  data.  The  text  message  may  con¬ 
sist  of  up  to  five  messages  of  23  ANSCll  characters  each.  These  are  downlinked  one  at 
a  time  by  a  single-page,  repetitive  FFT  entry.  The  FFT  is  changed  by  SV  processor  mem¬ 
ory  modification  Z-events  at  the  time  that  the  messages  are  to  change.  Since  only  five 
such  events  are  included  in  each  upload,  the  text  messages  may  be  "paged-t hrough"  only 
once,  although  the  interval  between  pages  is  completely  arbitrary.  The  first  Z-event 
in  a  navigation  data  upload  will  consist  of  the  first  FFT  cutover.  Two  FFTs  are  always 
used  with  the  appropriate  FFT  cutover  events.  The  second  is  (nominally)  15  minutes 
later  than  the  first  to  allow  for  the  contingency  of  uploading  late  and  missing  the 
first  one.  Since  the  second  FFT  consists  of  the  first  one  propagated  to  the  later  time, 

the  second  cutover  following  a  successful  first  is  transparent  to  the  user. 

The  navigation  data  processor  diagnostics  include  processor  logic  tests,  destructive 
memory  (read/write)  tests,  and  memory  dumps.  These  are  performed  on  selected  areas  of 
the  satellite  processor  Random  Access  Memory  (HAM)  to  diagnose  possible  problems,  e.g., 
downlink  parity  errors  that  are  detected  repetitively,  or  at  more  than  one  Monitor  Station. 

Upload  operations  actually  start  at  anytime  with  the  interactive  software  task. 

PLAN.  This  task  allows  an  operator  to  interactively  select  a  candidate  upload  set  con¬ 
sisting  of  an  ordered  set  of  satellites,  times,  upload  types,  and  desired  Z-events  and 
text  messages.  PLAN  then  tests  this  candidate  for  conflicts  and  advises  the  operator 
accordingly.  When  an  upload  schedule  has  been  found  acceptable,  the  system  task  UPPREP 

is  delay-tasked  to  run  about  fifteen  minutes  before  the  upload  string  is  to  run.  UPPREP 

will  check  the  schedule  over  for  late-developing  conflicts  (e.g.,  a  Monitor  Station 
down  in  the  system  configuration  file,  CONFIG).  If  the  schedule  is  correct,  UPPREP  then 
initiates  the  upload  string  for  the  upload  set.  The  upload  string  then  runs  for  each 
satellite  in  the  set.  The  task  SENDUP  sends  the  data  to  the  Upload  Station  (ULS)  and 
tasks  TLMHOW * TLMHOW  then  tasks  MSSKEO  to  assign  the  satellite  to  an  MS  receiver  channel. 

Upload  verification  is  done  by  the  task  TLMHOW .  This  task  retrieves  the  TLM  and 
HOW  data  words  received  by  the  Monitor  Station,  sends  them  to  the  ULS  for  block  verifica¬ 
tion,  and  polls  the  ULS  for  status.  Upon  successful  completion  of  the  upload,  TLMHOW 
retrieves  the  upload  summary  from  the  ULS,  builds  the  SUMAHY  file  with  it,  and  tasks 
OLOSUP.  CLOSUP  updates  the  Ml’S  data-base  copy  of  the  satellite  RAM,  toggles  the 
current /work ing  copy  pointers,  and  tasks  MSSKED  to  take  care  of  satellite  navigation  data 
downlink  Monitor  Station  requirements  (e.g.,  almanac,  special  message,  diagnostic,  and 
dump  collection).  The  system  task  NAVC1IK  retrieves  the  almanac,  text  message,  clock. 
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and  ephemeris  data,  compares  it  to  that  uploaded,  and  notifies  the  operator  of  discrep¬ 
ancies.  The  task  CSSTAT  periodically  (nominally  every  5  minutes)  checks  the  Monitor 
Station's  status.  The  collection  of  clock  and  ephemeris  page  changes  is,  thus  detected 
by  CSSTAT  which  tasks  NAVCHK.  MSSKED  schedules  NAVCI1K  for  almanac  and  text  message 
collection. 

SYSTEM  PERFORMANCE  EVALUATION 

The  MCS  computer  system  processes  a  large  amount  of  tracking  data  and  compresses  it 
into  an  upload  message.  This  whole  process  is  monitored  automatically  by  the  System 
Performance  Evaluator  computer  program  (SPE).  This  program  consists  of  several  modules 
that  execute  after  various  steps  of  the  data  processing  are  completed.  The  SPE  program 
provides  the  system  operator  with  events  statusing  the  quality  of  the  processed  data,  as 
well  as  with  major  graphically  displayed  data  in  soft  and/or  hard  copy. 

A  post-SMOOTH  function  module  (SPESMO)  generates  parameters  to  monitor  the  perform¬ 
ance  of  the  smoother  and  related  functions.  It  generates  geometric  dilution  of  precision 
(GDOP)  values,  computes  differences  between  an  MS  location  generated  from  a  navigation 
solution  utilizing  received  SV  data  and  the  known  surveyed  MS  location,  generates  dif¬ 
ferences  between  the  measured  ionospheric  correction  and  the  correction  computed  from  a 
single  frequency  user's  ionospheric  model,  and  computes  the  difference  between  the  meas¬ 
ured  smoothed  range  and  the  range  predicted  by  information  from  the  SV  NAV  message. 

These  values  along  with  meteorological  sensor  values,  the  standard  deviation  of  the  range¬ 
smoothing  process,  and  the  actual  measured  ionospheric  corrections  are  time  tagged  and 
stored  on  a  data  base  file  for  use  in  trend  plots  and  point  analysis. 

A  post-KALMAN  function  module  (SPEKAL)  generates  parameters  to  monitor  the  perform¬ 
ance  of  the  Kalman  process  and  related  functions.  It  generates  differences  between  cur¬ 
rent  estimates  of  SV  clock  parameters  and  those  parameters  predicted  from  the  SV  NAV 
message  and  those  parameters  estimated  earlier,  and  it  computes  differences  between  cur¬ 
rent  estimates  of  SV  ephemeris  parameters  and  those  parameters  estimated  earlier.  These 
parameters,  along  with  the  Kalman  states  and  Kalman  measurement  residuals  and  their 
standard  deviations,  are  time  tagged  and  stored  on  a  data  base  file  for  use  in  trend 
plots  and  point  analysis. 

A  function  module  (SPETAP),  upon  operator  request,  merges  the  SPE  data  files  onto 
magnetic  tape.  This  tape  is  saved  as  a  permanent  record  of  all  the  data  generated  by 
SPESMO  and  SPEKAL  and  used  for  trend  analysis. 

The  operating  system  data  dump  task  formats  all  parameters  stored  by  the  SPE  func¬ 
tion  modules  and  lists  them  in  readable  form  on  a  line  printer  or  direct  view  storage 
tube.  The  operating  system  data  graphics  task  (GRAF),  upon  request,  plots  any  or  all 
parameters  on  the  SPE  data  files  on  a  DVST  for  trend  analysis. 

Conclusion 

In  conclusion,  the  operation  function  is  to  initiate  and  monitor  the  Control  Segment 
equipment  and  software,  and  take  those  actions  necessary  to  ensure  that  the  data  supplied 
to  the  user  is  of  the  highest  quality. 
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SUMMARY 

The  Monitor  Stations  (MS)  are  fixed  tracking  stations  in  the  GPS  Control  Segment 
which  collect  space  vehicle  (SV)  tracking  data,  downlink  navigation  message  data,  and 
station  health  and  status,  under  control  of  the  Master  Control  Station  (MCS).  The 
MCS  uses  the  tracking  data  to  estimate  and  predict  precise  ephemerides  of  the  GPS  satel¬ 
lites.  The  clock  and  ephemeris  predictions  are  used  to  generate  the  orbital  element 
and  clock  parameters  contained  in  the  navigation  messages  for  each  satellite,  which 
are  uploaded  daily.  The  functional  relationship  of  the  Monitor  Stations  to  other  parts 
of  the  system  is  depicted  in  Figure  1.  The  GPS  Phase  I  (Concept  Validation)  Monitor 
Stations  are  located  at  Vandenburg  Air  Force  Base  (near  the  MCS),  Hawaii,  Guam,  and 
Alaska. 

INTRODUCTION 

The  Monitor  Stations  are  housed  in  7-foot  by  12-foot  military-type  shelters* 

(Figure  2).  The  MSs  are  normally  controlled  entirely  by  the  MCS,  to  which  they  are 
connected  by  dedicated  communications  lines,  and  are  unattended. 

The  key  component  of  the  MS  is  the  Set  X  GPS  receiver,  a  high-performance ,  four- 
channel  receiver  developed  by  Magnavox.  The  receiver  is  identical  to  the  User  Set  X 
except  it  does  not  have  a  Control/Display  Unit,  and  the  data  processor  is  supplied 
with  a  computer  program  developed  specifically  for  the  Monitor  Station. 

One  of  the  basic  functions  of  the  Monitor  Stations  is  timekeeping  for  the  system. 
The  MSs  are  equipped  with  cesium  beam  frequency  standards  for  this  purpose.  GPS  time 
is  established  by  the  Master  Control  Station.  Normally,  the  Monitor  Station  located 
at  Vandenburg  Air  Force  Base  is  the  master  Monitor  Station;  however,  the  MCS  can  desig¬ 
nate  any  of  the  four  MSs. 


*  Except  the  Alaska  MS,  which  is  in  a  pre-existing  building. 
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This  paper  describes  the  Phase  1  Monitor  Stations;  the  operational  (Phase  III) 
MSs  will  differ  in  several  respects,  but  the  functions  will  remain  substantially  the 
sumo  . 


Block  Diagram 

The  major  components  of  the  Monitor  Station  (Table  1)  are  interconnected  as  shown 
in  Figure  3.  Satellites  are  tracked  on  one  of  two  L-band  antennas;  >ne  for  high  ele¬ 
vations  (30°  to  zenith)  and  the  other  for  low  elevations  (5  degrees  to  30  degrees),  each 
with  its  own  preamp.  The  receiver  is  controlled  by  the  Hewlett-Packard  (HP)  21  MX  com¬ 
puter.  which  is  also  the  recipient  of  all  data  from  the  receiver.  Tin'  receiver  tracking 

data  is  stored  in  an  8k-word  extended  memory  buffer  and  transferred  to  the  MCS  on  com¬ 
mand.  At  the  maximum  rate  of  data  accumulation,  the  8k  buffer  is  sufficient  for  about  2 

minutes  of  data.  it  it  is  not  collected  by  the  MCS  in  this  time,  the  data  is  written 
onto  t he  read/write  cassette,  which  has  a  capacity  sufficient  for  at  least  two  hours. 

Tht'  read/writ**  cassette'  is  also  capable  of  storing  computer  programs  which  may  be'  sent 
from  the'  MCS.  The  programs  can  be'  loaded  and  execute'd  on  command.  Re'ceive'r  navigation 
message  data  and  station  status  informat  ion  are  stored  in  fixed  format  messages  in  the' 

HP  21  MX  main  memory  and  se'nt  on  reque'st  to  the  MCS. 


The  read-only  cassette'  is  use'd  for  program  load, 
the'  MCS. 


reload  can  be'  commanded  from 


The-  external  environmental  data  system  provides  local  meteorological  data 
( t  e'mpe’ra  t  lire' ,  pressure,  and  humidity)  which  is  steered  in  the'  compute'!*  with  the'  re'ce'ive't* 
tracking  data.  It  is  used  by  the*  MCS  to  compute  cor rev t ions  for  propagation  delays 
in  the*  troposphere'  in  the'  pseudorange'  and  delta  range'  data. 

Internal  environmental  data  is  collecte'd,  stored,  and  forwarded  t  e*»  the'  MCS  for 
me>nite>ring  purpose's.  Appropriate  alarms  are  provide'd  te>  flag  undesirable'  or  hazard¬ 
ous  conditions,  such  as  e'xeossivo  tempe'ra  t  ures . 

The  teleprinter  is  primarily  for  maintenance.  There  is  a  limited  amount  o\  moni¬ 
toring  and  control  of  the'  operational  system  available'  through  the'  t  r  1  opr  i  nt  e'r  .  It  is 
al  ■'  used  for  sotting  time'  in  the.'  MS  from  an  e’xtornal  source'. 


The  cesium  beam  frequency  standard  drives  the  receiver  clock,  which  provides  the 
time  base  in  the  computer.  The  pseudorange  measurements  and  all  time  tags  are  based 
on  this  clock. 

Communications  with  the  MCS  are  made  over  a  dedicated  ha  f-duplex  line  with  C2 
conditioning.  Bell  201C  (2400  bps  synchronous)  modems  are  used. 


TABLE  1.  Monitor  Station  Components 


Item 

Quantity 

UP  21  MX  computer  with  40k -word  memory 

1 

Cesium  beam  frequency  standard  with  standby  power  supply 

1 

Cassette  recorders 

2 

Teleprinter 

1 

Environment  data  systems 

2 

(Internal  and 
External ) 

Signal  conditioner  (for  environmental  data) 

1 

Receiver  system 

1 

Dual-element  antenna 

1 

Preampl i f iers 

2 

Receiver 

1 

Receiver  power  supply 

1 

28  Vdc  power  supply 

1 

It  UCAllMATtON 
U.  11  MOAT*  • 


NAVIGATION  COMPUTER 
HP  21  M/20 


f REOUENCV 
STANDARD 
CtSlUM  If  AM 
HPMN1A 


All  H'jMIOi T V  I  I  EITERNAl  NUMIOITV 
SENSOR 


lAROMf  TRIC  •  •  ”tSSuM 
PRESSURE  SENSOR 


HP12S3IC  ' 
T  f  l  E  PRINT  t  R 

iNTIRf  ACf 


^NTIRIORIIWOOrTI  |  - - 

TEMPTRASURE  1 

1  iNTfRNAl  TEMPERATURE 

RH  HUMID. Tr  1.  mURHRi  HUMIOITV 

SENSOR  ' 


— 1  —  4 — I — l — l-  SIGNAj  CQNOITIQNf  R  ASSfMSIV  _  J 


1  RACK  NO  I  TEMP  )  RACK  NO  1  TEMPERATURE 
|  SENSOR  | 

|  RACK  NO  t  1  MC*  *0  2  TEMPERATURE 
'  TEMP  SENSOR  ' 

Li-: _ Ll 


MR  COND 
MTR  CURRENT 
Sf  NS0RSI7I 


Figure  3.  GPS  Monitor  Station  Block  Diagram 


Equipment  Layout 


The  electronic  equipment  is  mounted  in  a  double  cabinet  as  shown  in  Figure  4.  The 
antennas,  a  monopole  for  low  elevation  and  a  bent  turnstyle  for  high  elevation,  are 
mounted  concentrically  under  a  small  radome  in  the  center  of  the  roof  of  the  shelter. 

A  ground  plane  is  provided.  The  shelter  layout  (Vandenburg,  Hawaii,  and  Guam  stations) 
is  shown  in  Figure  5. 

The  Alaska  MS  is  housed  in  a  preexisting  building.  The  equipment  cabinets  arc  as 
shown  in  Figure  4,  except  the  antennas  are  mounted  remotely  on  the  roof  of  the  building 
under  a  special  4-foot-diameter  heated  radome. 

Monitor  Station  Satellite  Measurements 

The  basic  function  of  the  Monitor  Station  is  to  collect  pseudorange  data  on  all 
GPS  satellites.  The  measurements  are  performed  by  the  4-channel  Set  X  User  receiver, 
which  is  controlled  by  the  Monitor  Station  Computer  Program  (MSCP).  The  receiver  also 
measures  delta  range,  which  is  an  integrated  doppler  cycle  count  over  a  specified 
measurement  interval,  and  an  1.1  -  L2  pseudorange  measurement,  which  is  the  difference 
in  pseudorange  between  the  LI  (1575.42  MHz)  and  L2  (1227.6  MHz)  navigation  signals 
emitted  by  the  satellites. 

The  Set  X  receiver  actually  has  five  channels;  four  are  used  as  carrier  trackers 
and  the  fifth  is  time-shared  for  code  tracking.  The  four  car  ier  trackers  are 
mechanized  as  Costas  loops;  they  measure  delta  range  and  perform  data  demodulation. 

The  code  channel  is  a  sequential,  noncoherent,  code-tracking  loop  shared  among  the 
(up  to)  four  satellites  being  tracked.  In  addition,  the  code  loop  tracks  LI  -  L2  for 
each  when  so  commanded.  The  code  loop  is  rate-aided  by  the  carrier  loops.  The  receiver 
is  capable  of  tracking  four  satellites  simultaneously,  each  on  either  LI  or  L2 ,  which¬ 
ever  is  specified. 

The  pseudorange  measurement  has  a  resolution  of  1/64  of  a  P-code  chip,  or  about 
1.5  meters.  The  resolution  and  accuracy  of  the  LI  -  L2  measurement  (used  for  iono¬ 
spheric  delay  correction)  are  the  same  as  for  pseudorange.  The  delta  range  measure¬ 
ment  resolution  and  accuracy  are  1/64  of  a  carrier  cycle  (0.003  m)  and  0.012  meter, 
respectively;  these  accuracies  apply  to  P-code  tracking,  which  is  the  normal  mode  for 
all  MS  measurements. 
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Figure  4.  Equipment  Rack  Layout 
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Figure  5.  MS  Shelter  Layout 


Met  corn  log  i  i'3  I  Men  sure  men  t  s 


The  Monitor  Station  measures  the  local  meteorological  environment  including  tem¬ 
perature,  relative  humidity,  and  barometric  pressure.  The  surface  environmental  data 
is  used  by  the  Master  Control  Station  to  correct  the  pseudorange  and  delta  range  meas¬ 
urements  for  the  tropospheric  delay.  The  corrections  are  based  on  a  model  of  the 
troposphere  developed  at  JPL.  The  residual  error  between  the  actual  tropospheric  de¬ 
lay  and  the  delay  derived  from  the  model  is  estimated  by  the  Kalman  filter.  The  resid¬ 
ual  error  in  the  zenith  direction,  including  the  modeling  error  and  sensor  errors,  is 
less  than  10  cm  over  all  possible  meteorological  conditions. 

Con  t  ro 1 


The  MS  is  message  driven  and  under  complete  control  of  the  MCS .  The  messages  are 
listed  in  Table  2. 

Message  01  provides  station  health  and  status  including  fault  indications,  alarms 
f  1  r  various  conditions,  and  presence  of  data  of  various  hinds  ready  for  transmittal  to 
the  MCS, 


Assignment  of  the  receiver  channels  is  accomplished  normally  by  a  Message  27,  which 
specifies  the  satellite  and  times  over  which  it  is  to  bo  tracked.  Message  27  must  be 
preceded  by  a  Message  2(5,  which  contains  SV  visibility  times,  a  ninth-order  pseudorange 
polynomial  used  to  compute  a  pseudorange  and  delta  range  estimate  to  aid  acquisition, 
and  antenna,  com?  and  carrier  tvacking  assignments. 

In  the  event  that  a  Message  27  is  not  current,  the  MS  tracks  all  visible  SVs  a 
defined  by  Message  26  data.  If  more  than  four  SVs  are  visible,  the  MS  rotates  the 
.  hannel  among  them  using  a  predefined  algorithm.  The  timing  for  data  collection  and 
channel  time  sharing  i;  provided  by  Message  28. 
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The  MS  collects  navigation  message  data  from  all  of  tin*  satellites  that  it  tracks. 
Data  Blocks  I  (clock)  and  II  (ephemeris)  arc*  collected  and  stored  routinely.  Data 
Block  I  and  II  data  for  all  SVs  are  returned  to  the  MCS  via  Messages  31  and  32,  respec¬ 
tively.  The*  MS  continuously  compares  incoming  data  with  the  Data  Block  I  and  II  in  the 
MS  data  base.  When  a  change  is  detected,  the  MS  collects  the  data.  The  changes  are 
reported  via  Message  01  and  returned  to  the  MCS  via  Messages  8  and  9.  This  system  pro¬ 
vides  an  efficient  means  of  verifying  the  navigation  messages  on  the  satellite  signals. 

Data  Block  III  (almanac)  collection  for  a  specific  SV  is  initiated  on  command 
(Message  10)  and  the*  data  sent  to  the  MCS  by  Message  11.  The*  special  message  is 
handled  in  a  similar  manner  with  Messages  33  and  34. 

The  telemetry  (TLM)  and  handover  word  (HOW)  are  collected  and  made*  available  via 
Message  5  at  all  times.  The  TLM  word  is  used  to  verify  the  upload  on  a  block-by-block 
basis . 

The  MS  also  monitors  the  downlink  navigation  data  for  parity  errors  which  are 
reported  in  Message  06  and  SV-related  events  (momentum  dump  and  synchronization  loss) 
which  are  reported  in  Message  07. 

Setting  MS  Time 


Time  is  set  in  the  Monitor  Stations  by  one  of  two  methods;  by  use  of  an  external 
source,  or  from  the  satellites.  An  external  source  is  used  to  synchronize  GPS  to  UCT 
(Universal  Coordinated  Time),  to  which  GPS  time  is  maintained  to  within  100  microseconds 
(neglecting  leap  seconds). 

Under  normal  procedures,  only  the  clock  in  the  Vandenburg  MS  is  set  to  the  external 
source.  This  is  accomplished  by  the  use  of  cesium  beam  standard.  The  time  of  a  future 
pulse  from  the  external  clock  is  entered  on  the  MS  teletype  (Message  03)  and  receiver 
time  is  frozen  at  that  value;  when  the  pulse  occurs,  the  receiver  clock  starts  and  is 
thereby  synchronized. 

The  other  Monitor  Stations  are  set  from  the  SV  HOW  in  a  manner  similar  to  that 
used  by  User  sets.  This  method  has  an  uncertainty  of  20  milliseconds.  This  offset  is 
estimated  by  the  MCS;  once  determined,  the  offset  is  simply  a  bias  which  is  removed 
rout inel y . 

MONITOR  STATION  COMPUTER  PROGRAM 

The  MSCP  is  a  real-time  computer  program  composed  of  eleven  tasks  which  are 
scheduled  and  operate  on  a  priority  basis.  The  tasks  are  programmed  in  MELTRAN 
(a  structured  language  which  is  translated  to  FORTRAN)  and  HP  assembly  language. 

A  functional  block  diagram  of  the  Monitor  Station  Computer  Program  is  given  in 
Figure  6.  A  functional  description  of  each  task  shown  in  the  block  diagram  of  Fig¬ 
ure  6  is  given  below: 

a.  An  Executive  task  provides  real-time  multitasking  processing  support  for  task 
management  and  time-base  generator  interrupt  handling  for  the  MSCP.  All  tasks 
with  the  exception  of  the  teleprinter,  MCS/MS  communications,  and  cassette 
recorder  execute  on  a  predefined  sequence.  These  tasks  are  dormant  until  the 
next  execution  time  matures.  At  this  time,  the  task  becomes  active  and  exe¬ 
cutes  on  a  priority  basis.  The  remaining  tasks  are  scheduled  on  task  request 
only . 

b.  An  Initialization  task  provides  the  start-up,  restart,  power  fail  recovery, 
and  MSCP  reload  functions  required  to  initiate  or  maintain  MS  processing. 

The  initial  start-up  is  a  manual  load  of  the  MSCP  from  the  read-only  cassette 
recorder.  Following  the  manual  load  procedure,  the  MSCP  can  be  reloaded  and 
initialized  or  reinitialized  upon  request  from  the  MCS  over  the  communication 
link.  The  initialization  task  supports  system  recovery  from  a  temporary  power 
fail  condition.  An  extended  power  failure  (greater  than  2  hours)  requires  a 
manual  reload  of  the  MCSP. 

c.  A  Communication  task  provides  the  message  processing  for  communications  be¬ 
tween  the  MCS  and  the  MS.  A  block  diagram  of  the  communication  interface  is 
shown  in  Figure  7.  A  checksum  scheme  is  used  by  the  communication  software 
to  check  the  validity  of  the  message  transmission.  If  the  message  fails  this 
check  on  receipt  at  either  end,  a  retransmit  reply  is  given  requesting  retrans¬ 
mission  of  erroneous  blocks. 

d.  The  Receiver  Controller  task  provides  the  control  interface  between  the  MS  and 
the  receiver  process  controller  (PC)  using  the  four  fixed-format  data  groups 
described  in  Table  3.  The  receiver  control  parameters  are  computed  from  the 
SV  tracking  parameters  provided  by  the  MCS  over  the  communication  link.  The 
tracking  sequences  for  the  four-channel  receivers  is  also  specified  by  the 
MCS.  The  tracking  sequence  provides  SV  assignments,  start  and  stop  times, 
receiver  polling  intervals,  and  a  time  interval  that  a  specific  set  of  SV 
channel  assignments  will  remain  in  effect.  The  receiver  controller  provides 

a  receiver  time  set  and  MS  time  synchronization  capability. 
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Demodulated  satellite  navigation  data 
and  1, 1/1, 2  ionospheric  de  1  ay  measurement  . 

Receiver  HAM  dump. 


General  receiver  control,  acquisition 
control,  track  control  and  override 
options,  estimated  pseudorange, 
estimated  pseudorange  rate. 


A  Navigation  Message  task  processes  SV  navigat  ion  message  data  transferred  to 
the  MS  from  the  PC.  The  SV  navigat  ion  message  clock  and  ephemeris  data  are 
continuously  compart'd  to  data  base  values  for  each  SV  being  tracked  and  col¬ 
lected  on  a  change-only  basis.  SV  navigation  message  almanac  and  special  mes¬ 
sage  data  are  collected  for  an  SV  only  on  request  from  the  MCS .  The  naviga¬ 
tion  message  task  provides  an  SV  health  and  status  monitor  function  b\  detect  i 
SV  synch  ron  i /.at  ion  loss  and  SV  roll  momentum  dump  occurrence.  This  task  also 
determines  SV  navigation  message  validity  by  detecting  word  synchronization 
errors,  parity  errors,  and  receiver  demodulator  failure.  Telemetry  and  hand¬ 
over  words  are  continuously  collected  to  support  MCS  upload  verification  and 
SV  processor  diagnostics. 

A  Meteorological  and  Stat  ion  Status  Sensor  task  periodically  samples  environ¬ 
mental  and  MS  station  status  data,  and  external  environmental  data  and  package 
along  with  SV  tracking  measurement  data  for  transfer  to  the  MCS.  The  external 
environmental  data  is  used  by  the  MCS  to  correct  tin*  SV  tracking  measurement 
data  for  tropospheric  effect. 


A  Self-Test  task  performs  a  coni iuuous  memory 
low-priority  background  function  and  reports  » 


heck  and  instruction  test  as  a 
rrors  to  the  MCS  upon  request. 


h.  A  Cassette  Recorder  task  provides  for  an  opt* rat  ional  reload  from  the  read-only 
or  read/write  cassette,  stores  a  minimum  of  one  hour  of  SV  tracking  measure¬ 
ment  data  on  a  read/write  cassette,  and  stores  computer  programs  received  ovei 
the  communications  link  on  a  read/write  cassette  for  load  and  execution  at  a 

1  a t  v r  time. 

i.  A  Teleprinter  task  provides  an  operator  interlace  for  comnuin  i  ca  t  ion  with  the 
MS  computer  program. 

.j  .  A  Modem  task  provides  the  commit  n  i  ca  t  ions  I/O  interface  between  the  MCS  and  MS. 


Com •  1  us  1 1  »i i 


The  Monitor  Stations  described  in  this  paper  were*  built  as  part  of  the  GPS  Phase  1 
system,  the  purpose  of  which  was  to  validate  the  concept  of  GPS.  Til  i  >  objective  had 
been  achieved  in  large  degree  by  the  end  of  1077,  with  three  of  the  four  Phase  l  Moni¬ 
tor  Stations  in  operation  in  conjunction  with  the  Master  Control  Station  and  the  first 
GPS  satellite,  NTS-2 .  Successful  operation  of  the  Monitor  Stations  had  been  demon¬ 
strated  in  all  significant  modes  of  operation,  and  the  viability  of  the  design  was 
proven  . 
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SUMMARY 

The  GPS  Upload  Station  (ULS)  provides  the  Master  Control  Station  (MCS)  space  uplink 
for  the  transmission  of  the  navigation  data  payload  to  the  GPS  navigation  satellites. 

The  ULS  receives  upload  data  messages  from  the  MCS  as  well  as  additional  data  necessary 
to  point  the  ULS  antenna  properly  at  the  space  vehicle  (SV)  selected  for  upload.  Data 
enters  the  ULS  over  a  dedicated  communication  line  and  is  received  by  the  ULS  computer. 
The  computer  restructures  the  data  into  SGLS-type  signals  and  provides  it  to  the  ULS  RF 
equipment  where  it  is  amplified  and  transmitted  to  the  SV.  The  MCS  provides  the  ULS 
with  an  indication  of  message  receipt  by  the  SV.  Upon  upload  completion,  the  ULS  pre¬ 
pares  a  summary  of  the  upload  results  for  the  MCS. 

INTRODUCTION 

The  GPS  Upload  Station  is  physically  located  in  the  same  building  as  the  MCS. 

Figure  1  is  a  photograph  of  the  interior  of  the  ULS  showing  some  of  the  operational 
equipment.  Figure  2  is  a  block  diagram  of  the  ULS.  The  reader  may  wish  to  refer  to 
Figure  2  in  the  following  description  of  the  ULS  hardware. 


The  Upload  Station  receives  command  and  antenna  pointing  data  from  the  Master  Con¬ 
trol  Station  and  subsequently  delivers  uplink  commands  to  GPS  satellites  through  the 
use  of  computer,  command  transmitter,  and  antenna  control  subsystems. 

Cominun  i  cat  ions  between  the  ULS  and  MCS  is  effected  over  a  half-duplex  dedicated 
communications  line.  The  line  operates  synchronously  at  a  2400-baud  rate  through  the 
use  of  Bell  201C  modems.  All  upload  data  or  requests  for  upload  status  originate  in 
the  MCS  and  are  processed  by  the  ULS  computer . 


Figure  1.  View  of  the  Operations  Stations  of  the  ULS 
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Figure  2.  Upload  Station  Simplified  Block  Ulagram 


Computer  Subsys t cm 

The  computer  is  a  Hewlett  Packard  (HP)  2108  I’omputrr  which  consists  of  the  central 
processor,  memory,  and  I/O.  The  computer  features  hardware  power  tail  and  automatic 
recovery  1  ok i  e .  memory  parity  checking,  memory  protection,  and  direct  memory  access  (PMA). 
lhripherals  ut  t  1  i/.ed  by  the  Ul.S  software  are  data  commun  i  ca  t  tons  modem,  disc  drive, 
system  console,  time-base  generator,  card  reader,  line  printer,  tape  cassette,  paper- 
tape  reader,  and  an  operator's  console.  The  disc  drive  is  an  HP  12960A  disc  subsys¬ 
tem  with  a  capacity  of  2.1  million  lb-bit  words.  The  maximum  PM A  transfer  rate  is 
616.666  words /second.  The  system  console  is  an  HU2762A  terminal  keyboard/printer  with 
a  20  character/second  printing  speed  and  128  character  ASP  1 l  set.  The  time  base  gen 
orator  is  an  HP12539C  PPA  which  generates  a  pulse*  every  10  ms.  The  card  reader  is  an 
HP12986A  Optical  Mask  Reader  Subsystem  which  reads  200  curds/minute.  The  lint*  printer 
is  an  HP12P87A  dot-matrix  printer  which  prints  200  lines/minute  with  a  paper  slew  rate 
of  3.2  inches/second.  The  tape  casette  is  an  MFK  model  250  digital  cassette  tape 
transport  unit  with  a  recording  density  of  -100  bits/inch  at  a  read/write  rate  of  10 
inches/second.  The  paper  tape  reader  is  an  HP12915A  high-speed  unit  which  reads  at 
the  rate  of  500  characters/second.  l.astly,  the  operator  console  is  an  HP2010  inter¬ 
active  display  terminal. 


The  processing  performed  by  this  computer  system  is  described  in  a  later  paragraph. 


Pommand  buffer  Interface 

Upload  information  processed  by  the  ULS  computer  is  fed  t o  the  Pommand  buffer  and 
Antenna  Pontrol  Unit.  Two  interface  cards  transfer  the  digital  command  data  from  the 
computer  to  the  Command  Buffer.  A  third  interface  card  counts  and  stores  echo  errors  as 
they  occur  for  real-time  evaluation,  and  also  delivers  a  command  l  kll.*.  to  tin*  Pommand 
Buffer.  Commands  are  supplied  t o  the  Command  Buffer  over  parallel  lines  representing  S. 
0.  and  1  characters.  If  no  command  is  available,  the  Command  Buffer  supplies  an  S  bit  to 
th«*  Baseband  Assembly. 


Commands  from  the  Pommand  Buffer  art*  applied  to  the  Baseband  Assembly  unit  in  the 
form  of  logic  levels.  The  command  logic  gates  an  output  from  one  of  three  frequency 
shift-keyed  (FSK)  oscillators,  generating  a  command  subcarrier.  The  output  of  the 
KSK  oscillators  is  65,  76,  or  95  kll/  for  an  S,  0,  or  1,  respectively.  The  FSK  output 
is  applied  to  an  amplitude*  modulator  along  with  the  1  kll/.  command  rate*  sync  pulses 
that  are*  first  integrated  to  produce*  a  triangular  wave*  form.  The  amplitude*  modulate'd 
KSK  command  signal  is  fed  through  a  sole*ctahle  atte'iuiator  where  a  modulation  index 
of  0,  .3,  or  1  radian  is  sele*cted  before*  the*  composite*  bast'baml  signal  is  sent  to  the* 

modulator  in  the*  transmitter  e*xcite*r. 
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Th«*  Transmitter  Exciter  provides  a  crystal -cont  rol  l**d ,  phase-modulated  HE  output 
of  +  10  dBm  minimum  at  a  frequency  of  1783.74  MU/,  as  a  low- level  input  to  the  Exciter 
Channel  Filter.  The  modulation  index  is  adjustable  to  1.5  radians  and  is  set  to  1.0 
radian . 

The  Exciter  Channel  Filter  suppresses  all  spurious  and  harmonic  signals  present 
at  the  HF  input  to  a  level  of  at  least -60  dB  and  provides  a  controllable  HF  output 
level.  The  RF  filtering  is  accomplished  through  the  use  of  a  Yttrium- 1 ron-Garnet 
( Y I ( I )  filter.  The  unit  has  a  filter  bypass  mode. 

The  Exciter  Channel  Filter  output  drives  an  HP489A  microwave  amplifier,  which  is 
a  broadband  linear  amplifier  that  provides  HF  signal  amplification  of  at  least  30  dB. 
The  Traveling  Wave  Tube  (TWT)  utilizes  periodic  permanent  magnet  focusing.  Maximum 
power  output  is  approximately  2  watts  (+33  dBm) 


High-Powered  Amplifier  (HPA) 

The  Energy  Systems  Inc.  model  11-160  Wideband  Transmitter  amplifies  the  low-level 
driver  output  to  a  power  level  of  more  than  10  kilowatts  (+70  dBm),  or  amplification 
is  accomplished  through  the  use  of  a  Traveling  Wave  Amplifier.  The  TWA  is  water-cooled, 
as  is  the  solenoid  (focusing  magnet),  waveguide  circulator,  turnable  ferrite  mode  sup¬ 
pressor,  and  the  dummy  load.  A  65-gallon  heat  discharger  controls  the  water  tempera¬ 
ture.  High  voltage  is  provided  by  a  3-phase,  420  Hz  motor  generator.  The  3-phase 
power  is  rectified  and  supplies  20,000  Vdc  at  5  amps  to  the  TWA.  A  crowbar  circuit, 
actuated  by  high  reflected  power,  false  frequency,  waveguide  arcing  or  excess  body 
current,  prevents  destruction  of  the  TWA  by  shorting  the  high-voltage  supply  through  a 
hydrogen- f i 1 1 ed  thyratron  tube.  The  TWA  output  power  is  fed  to  the  antenna  through  a 
high-power,  low-pass  waveguide  filter  which  attenuates  the  spurious  second  and  harmonic 
frequency  signals  which  are  generated  by  the  TWA.  The  output  power  can  also  be  fed  to 
the  RF  dummy  load. 

The  Test  Transponder  Receiver  (TTR)  input  is  fed  from  a  directional  coupler  .n  the 
HPA.  The  TTR  is  a  dual-conversion,  superheterodyne  receiver  with  an  MDS  of  -80  3m. 

The  TTR  supplies  the  demodulated  uplink  composite  baseband  to  the  Uplink  Monito  . 

The  Uplink  Monitor  separates  and  demodulates  the  composite  baseband  signals  and 
routes  them  to  the  Command  Buffer  as  DC  logic  levels  (S,  0,  1)  where  they  are  used  for 
echo  check  purposes. 


Antenna  Control  System 


.  As  the  upload  window  approaches,  a  ULS  computer-generated  "Program  Track"  command 
gives  the  computer  control  of  the  Antenna  Control  Unit  (ACU).  Azimuth  (AZ)  and  eleva¬ 
tion  (EL)  slave  angle  data  are  transferred  to  the  ACU  and  the  antenna  is  pointed  toward 
the  satellite.  Antenna  position  data  is  returned  to  the  computer  from  the  ACU.  If 
angle  errors  of  greater  than  two  degrees  occur,  an  AZ  or  EL  alarm  indicator  is  lighted 
on  the  ACU,  and  antenna  position  comparisons  are  continually  printed  out  on  the  line 
printer  until  the  antenna  position  error  is  corrected. 


The  antenna  system  has  six  principal  operating  modes:  Standby,  Manual  Rate, 
Remote  Manual  (radome  control),  Program  Track,  Local  Designate,  and  Auto  Track.  The 
primary  operational  mode  is  Program  Track.  In  this  mode,  12-bit  scaled  binary  angle 
data  is  applied  through  the  computer  interface,  stored  in  a  binary  comparator,  applied 
to  a  digital  to  analog  converter,  then  amplified  and  used  as  a  field  current  which  is 
applied  to  the  control  windings  of  each  generator  in  the  motor-generator  sets.  The 
outputs  of  the  generators  are  then  applied  to  a  pedestal  drive  motor  in  each  axis. 
Antenna  position  data  from  pedestal -mounted  1:1  coarse  synchros  is  applied  to  synchro- 
to-digital  converters  in  the  ACU,  the  output  of  which  is  applied  as  the  second  input 
to  the  binary  comparator  and  acts  to  null  the  error  signal  when  the  ordered  antenna 
position  is  reached.  The  synchro-to-digital  converter  output  also  supplies  the  com¬ 
puter  angle  information  for  position  error  calculation  and  drives  an  ACU-mounted 
antenna  position  indicator. 


The  resolution  of  the  antenna  system  is  0.089  degrees.  Program  Track  mode  track¬ 
ing  rates  are  5.23  degrees/second  in  AZ  and  0.5  degrees/second  in  EL. 


Antenna 


The  antenna  is  comprised  of  a  14-foot  parabolic  dish,  direct-drive  dc  motors  for 
each  axis,  a  slip-ring  assembly  to  permit  unlimited  movement  in  AZ,  and  rotary  joints 
for  RF  passage  through  the  pedestal.  Right-hand  circular  polarization  is  utilized  for 
all  operations.  The  antenna  RF  gain  is  approximately  31  dB  at  the  operating  frequency 
The  RF  beamwidth  is  approximately  3.0  degrees  in  each  axis.  The  antenna  is  housed  in 
a  rigid  urethane  foam  radome  26.5  feet  in  diameter.  It  is  equipped  with  normal  and 
plunge  and  reverse  optical  collimation  and  Polaris  sighting  windows.  Seventeen-bit 
optical  encoders  are  used  to  align  the  antenna  to  a  reference  point. 


Normal  Software  Operation 


The  purpose  of  the  ULS  is  to  upload  navigation  data  to  the  SV .  The  message  con¬ 
taining  upload  data  is  identified  by  the  ULS  as  a  prepass  message.  The  prepass  data 
sent  from  the  MCS  is  composed  of  two  parts.  The  first  part  is  the  acquisition  data, 


IN 


which  ion*,  ains  t  he*  untonna  point  mg  angles  lor  tin*  SY  to  ho  uploaded  .out  t  ho  turn-  tho 
upload  is  to  begin.  Tho  soooiul  part  is  tho  upload  data  that  is  to  ho  transmitted  to 
tho  SV .  Tho  propass  function  separates  the  Ml’S  data  into  an  acquisition  tile  and  an 
upload  tile.  Hast'd  on  t  he  time  give*n  in  the  acquisition  data,  the  upload  task  is 
soht'du  1  oil . 

The  upload  task  controls  the  transmission  of  tho  upload  data  to  the  SY  .  This  task 
interfaces  with  t he  antenna  pointing  task  to  ensure  proper  antenna  position  and  with 
the  SY  block  verify  task  to  determine  the  status  of  each  block  uploaded  to  an  SY .  The 
upload  data  is  composed  of  blocks.  There  are  three  types  of  blocks  to  he  uploaded. 

The  first  type  is  the  address  block.  The  address  is  SY  specific  and  alerts  the  SY  for 
data  to  be  uploaded.  The  upload  task  continues  to  transmit  the  address  block  until 
the  status  se t  by  the  verity  task  has  confirmed  that  the  address  block  lias  been  ac¬ 
cepted  by  the  SY.  Once  the  address  block  has  been  verified,  the  second  typo  of  block, 
data  blocks,  are  transmitted.  It  there  is  more  than  one  data  block,  each  is  transmitted 
in  sequence  until  st at  used  as  accepted  by  the  Verify  task.  When  alt  data  blocks  have 
bc**n  accepted,  the  third  and  last  type  of  block,  the  Knd-o  1  -Message  ( MOM )  block, 
is  t  ransnil  1 1  ed .  Once  the  KOM  block  Is  accepted,  the  upload  task  is  terminated.  During 
upload  task  termination,  a  summary  of  the  upload  i'  created  and  st at  used  as  available 
for  the  Mi'S.  It  is  availability  o f  the  upload  summary  data  that  starts  the  termination 
of  upload  monitoring  at  the  Mi'S. 

I’l.S  Soft  ware  Architecture  and  Tasks 

The  U1.S  so  ft  wart1  system  is  a  real-time  system  supporting  built-in  test  capability 
and  a  batch  diagnostics  capability.  The  major  11. S  software  tasks  are  KTK-ll.  Control 
and  Display  lC8d>),  Prepass,  Upload.  Antenna  Pointing.  Yen  tier  and  Diagnostics.  KTK-ll 
task  is  an  HP  real-time  execut  ive. 

The  antenna  control  driver  is  activated  by  an  KTK-ll  KXl'l'  call  to  input  the  cur¬ 
rent  antenna  position,  and  an  KXKC  call  to  output  a  position  command  to  tin1  antenna 
cont ro 1  un i t . 

The  data  modem  driver  uses  KTK-ll  privileged  interrupt  m  responding  to  interrupts 
from  the  data  modem.  The  driver  is  normally  in  the  read  state  monitoring  t  he  conunun  i  cu  - 
lions  line  from  the  Mi'S.  Only  when  the  MCS  requests  data  from  the  IKS  does  the  driver 
transmit  data  to  the  Ml'S. 

The  upload  driver  initializes  the  command  buffer  which  then  generates  interrupts 
i'n  a  millisecond  cycle  until  it  is  deactivated.  After  this  driver  is  activated,  it 
in  controlled  by  the  upload  task.  The  upload  task  passes  the  driver  the  data  to  send 
and  the  number  of  bits  of  data  in  the  buffer.  When  the  data  has  been  sent,  tin*  driver 
sends  8-pulses  until  the  upload  task  passes  another  address  and  bit  count  or  sets  the 
stop  control  variable.  When  the  stop  control  variable  is  set  ,  the  upload  driver  de¬ 
activates  the  command  buffer  and  dequeues. 

A  font  ro  l  and  Display  (t'&D)  task  is  also  provided.  TIu*  ('&!)  task  responds  to  l'&J) 
operator  requests,  manages  data,  and  control  messages  to  and  from  the  Ml'S  aiul  calls 
from  other  tasks.  Operator  responses  permitted  inelude  modifying  the  SY  upload  linn1, 
deleting  SY  entries  from  the  upload  schedule,  queueing,  displaying,  upload  schedules, 
initiating  type  H  d lagnost ics ,  aborting  upload,  displaying  SY  history,  displaying  block 
verify  status,  schcdul lug  the  next  upload,  verifying  upload  blocks,  displaying  SY  up¬ 
load  summaries,  set t ing/ reset t i ng  block  status  display  flags,  and  sorting  the  upload 
schedule  tn  ascending  order  of  upload  times  to  ensure  that  the  first  entry  is  the  next 
S\  to  be  uploaded. 

Mi’S  message  processing  includes  sending  the  upload  schedule  to  the*  Mi'S,  initiating 
a  type  H  diagnostic,  aborting  an  upload,  sending  an  upload  status  summary  to  the  Ml'S, 
sending  UKS  system  time  to  the  Ml’S,  sending  an  upload  summary  to  the  MI'S,  rescheduling 
an  upload  operation  for  address  and  KOM  blocks  only,  receiving  prepass  data,  and 
identifying  data  line*  messages  from  the*  Ml'S  and  passing  t  he  mi  to  the*  appropriate  soft¬ 
ware*  task. 

I'alls  from  other  tasks  inelude*  calls  to  display  the*  upload  schedule  on  the*  Dl.S 
line*  printer,  schedule1  the*  ne'xt  upload  operation,  manage  data  comnuinicat  ions  output 
t o  the*  Ml'S,  display  a  summary  o f  an  SV  upload,  and  sort  the*  upload  schedule1  in  asce'iui- 
tng  order  of  upload  t  inn's  to  ensure*  that  the*  first  e*nt  ry  is  the1  ne*xt  SY  to  be*  uploade*d. 

The*  prepass  task  is  responsible  for  the*  creat  ion  of  all  bl.S  ope* rat  ions  t  ile's  in 
support  of  upload  operations.  This  includes  formatting  an  acquisition  data  disc  file*, 
an  up  l  ei  a  el  data  disc  file*,  upload  sche*dule*  disc  file1,  and  command  status  table*  disc 
file*.  The*  prepass  task  a  1  se>  tabulate's  all  new  SVs  for  which  file's  are1  credited  or 
update'd,  tabulate's  e*rror  messages  as  errors  are1  encoun  te*re*d .  and  act  ivate's  the*  C&D 
task  to  schedule*  the*  upload  task  when  all  data  has  been  processed  and  all  file's  created. 


The  upload  task  controls  the  transmission  of  the  upload  data  to  an  SV .  Tin*  up¬ 
load  task  is  called  initially  by  KTK-I1  up  to  30  seconds  prior  to  th*  scheduled  upload 
time.  rile  upload  task  schedules  it  sell  through  RTK-I  I  to  control  the  transmission  ol 
the  upload  message.  The  upload  task  processing  proceeds  as  follows: 

1.  Initialize  the  upload  and  antenna  pointing,  and  verily  tasks  prior  to  upload¬ 
ing  an  SV. 

2.  Initiate  the  transmission  ol  address,  upload  data,  and  end-o f -message  (KOM) 
blocks . 

3.  Select  the  next  block  to  be  transmitted  based  on  verification  word  received 
from  the  verify  task. 

1.  Perform  processing  to  initiate  the  next  block  alter  each  block  is  transmitted. 

5.  Terminate  the  upload  task  following  a  successful  KOM  transmission  or  a  suc¬ 
cessful  abort.  Alarm  the  MCS  and  ULS  operator  when  an  SV  upload  is  not  com¬ 
pleted  within  the  specified  SV  upload  window,  or  the  address  block  is  rejected, 
or  an  operator  abort  is  received. 


The  antenna  pointing  task  positions  the  ULS  antenna  using  azimuth  and  elevation 
polynomials  provided  by  the  MCS,  Once  these  angles  are  verified  to  be  within  range, 
they  art*  supplied  to  the  antenna  control  unit.  The  actual  antenna  position  is  com¬ 
part'd  to  the  computed  angles  to  verify  correct  antenna  positioning  within  a  specified 
antenna  tolerance  (currently  set  at  2  degrees).  An  error  message  is  generated  if 
the  antenna  is  not  positioned  within  tolerance. 

Tht*  Verifier  task  is  responsible  for  receiving  upload  block  verification  messages 
from  the  MCS  and  notifying  the  Upload  task  as  to  the  status  of  a  block  upload  opera¬ 
tion.  This  is  accomplished  as  follows: 

1.  Interpret  the  verification  message  from  the  MCS  to  determine  if  a  block  upload 
was  accepted  or  rejected. 

2.  Set  tht*  block  accept  flag  for  blocks  that  have  been  accepted  by  the  SV. 

3.  Increment  the  reject  count  for  a  block  that  has  been  rejected. 

A.  Compile  the  block  verification  status  record  and  write  it  in  the  history  file 
in  disc  each  t ime  a  verification  message  is  received. 

5.  Format  the  block  verification  record  for  display. 

The  Diagnostic  task's  role  is  to  identify  and  isolate  faults  that  affect  the  ULS 
system  operation.  There  are  three  types  of  diagnostics:  a)  Type  A  are  RTE-I1  alarms 
provided  by  tht*  vendor  software;  b)  Type  B  are  operator  checks  of  ULS  hardware;  and 
c)  Type  C  are  stand-alone  diagnostics  that  are  loaded  and  run  independently  of  the  ULS 
operating  system. 

The  software  just  described  has  been  programmed  and  installed  on  the  Upload  Station 
computer  system,  and  the  ULS  has  been  delivered  to  the  field.  Currently,  the  ULS  is 
uploading  the  navigation  satellites  on  a  daily  basis  in  support  of  GPS  Phase  I  field 
opera t ions . 
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SUMMARY 

A  Time  Transfer  Unit  (TTU)  for  use  with  NAVSTAR  satellites  of  the  Global  Positioning 
System  (GPS)  is  described.  This  unit  can  provide  worldwide  time  transfer  with  an  accuracy 
of  better  than  100  nanoseconds  relative  to  GPS  system  time.  Techniques  used  for  GPS  signal 
processing  and  data  reduction  are  summarized ,  and  potential  applications  discussed. 

1.0  INTRODUCTION 


Satellites  have  been  used  for  a  number  of  years  for  transfer  of  time  and  frequency 
between  primary  standards  and  users  of  precise  time  (1).  NAVSTAR  satellites  of  the  Global 
Positioning  System  (GPS)  will  soon  provide  world-wide  access  to  precise  timing  signals 
which  will  permit  a  properly  equipped  user  to  calibrate  a  local  time  source  relative  to  a 
primary  standard  to  within  fractions  of  a  microsecond.  The  minimum  user  configuration 
consists  of  an  omni-directional  antenna  and  preamp,  a  Time  Transfer  Receiver,  a  teletype 
or  equivalent  alphanumeric  printer,  and  a  scientific  hand  calculator.  Users  with  existing 
computers  can  eliminate  the  manual  computation  by  connecting  the  receiver  directly  to  a 
host  processor. 

For  users  without  existing  processing  capability,  an  integrated  receiver /processor  or 
Time  Transfer  Unit  (TTU)  is  described  which  is  completely  self-contained  and  fully  auto¬ 
mated.  For  users  who  do  not  have  atomic  frequency  standards  but  who  wish  to  improve  the 
accuracy  of  their  local  time  reference  to  better  than  1  microsecond,  the  TTU  can  be 
operated  in  an  automatic  time  correction  mode  in  which  the  local  time  reference  is 
periodically  corrected. 

This  paper  describes  the  operation  and  design  of  a  prototype  unit  now  under  develop¬ 
ment  . 

2.0  OPERATION 

The  basic  configuration  of  the  TTU  is  shown  in  Figure  1.  The  unit  accepts  stable 
reference  time  (1  pps)  and  frequency  (5  MHz)  signals  from  the  local  time  standard  or  unit 
to  be  calibrated,  and  the  LI  signal  at  1575  MHz  from  any  GPS  NAVSTAR  satellite.  Ephemeris 
data  from  the  NAVSTAR  satellite  is  detected  and  processed  to  determine  satellite  position 
and  to  estimate  the  time  of  arrival  of  the  satellite  signal  epoch.  The  actual  time  of 
arrival  of  the  signal  epoch  is  recorded  and  compared  with  the  expected  value  after  correc¬ 
tion  for  ionospheric,  tropospheric,  and  relativistic  errors,  and  the  difference  is  dis¬ 
played  as  the  local  time  error.  Sequential  time  error  measurements  are  filtered  to  provide 
minimum  variance  time  and  frequency  error  data  for  display  to  the  user  or  for  logging  with 
other  user  applications  data.  Error  of  local  time  is  displayed  as  a  nine  digit  plus  sign 
decimal  number  in  units  of  seconds  with  a  range  of  +  six  seconds  and  resolution  of  10 
nanoseconds.  Frequency  error  is  computed  from  the  rate  of  change  of  the  filtered  time 
error  and  displayed  as  a  six  digit  plus  sign  decimal  number  in  parts  per  10^  with  a  range 
of  +  one  part  10°  and  a  resolution  of  one  part  in  10^2.  The  output  data  is  updated  every 
six  seconds,  the  normal  smoothing  interval  is  two  minutes  but  can  be  adjusted  to  a 
particular  user's  requirements.  The  smoothing  filter  also  generates  an  estimate  of  the 
variance  of  the  output  data. 

Several  optional  modes  of  operation  are  available  to  match  different  user  require¬ 
ments.  For  the  user  who  needs  a  corrected  1  pps  time  reference,  a  time  synthesizer  can 
be  added  to  the  basic  configuration  which  generates  a  1  pps  which  is  advanced  or  retarded 
relative  to  the  reference  1  pps  by  an  amount  equal  to  the  computed  time  error. 

2 . 1  Time  Transfer  Technique 

The  time  transfer  technique  used  is  illustrated  in  Figure  2  which  shows  typical 
satellite,  user  and  received  time  epochs  relative  to  system  (GPS)  time.  GPS  satellites 
transmit  continuous  navigation  signals  with  readily  identified  epochs  every  6  seconds. 

The  satellite  transmission  is  determined  by  an  atomic  standard  which  will,  in  general, 
differ  by  some  amount  (Parameter  A  in  Figure  2)  from  system  time.  An  estimate  of  A  is 
contained  in  the  navigation  data  and  is  available  to  the  TTU.  The  satellite  epoch  arrives 
at  the  TTU  and  is  measured  by  reference  to  the  local  station  time  reference  (Parameter  C 
in  Figure  2).  The  transmit  time  (sum  of  A  +  B  +  C  in  Figure  2)  can  be  estimated  from 
satellite  ephemeris  and  ionospheric  error  available  in  the  navigation  data,  and  from  known 
user  location  and  equipment  bias  calibrations.  The  station  time  error  is  taken  as  the 
difference  between  the  local  time  and  predicted  GPS  time.  GPS  time  is  derived  on  the 
basis  of  computed  transmit  time.  Table  1  summarizes  the  major  sources  of  error  in  the 
technique  described.  Note  that  these  errors  are  associated  with  a  single  measurement  and 
do  not  include  potential  improvement  from  smoothing  over  multiple  samples  or  combining 
measurements  from  multiple  satellites.  The  reader  is  referred  to  (2)  for  a  more  complete 
discussion  of  the  GPS  Navigation  Data  Message  and  its  contents. 
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TABLE  1 


TTU  ERROR  BUDGET 


Satellite  Ephemeris 
Satellite  Clock  Drift 
Ionosphere /Troposphere 
User  Location/Calibration 
Receiver  Noise 

RSS  Error 


2 . 2  Satellite  Availability 

NTS-2,  the  first  of  six  NAVSTAR  satellites  planned  for  Phase  I  system  deployment  was 
launched  in  1977.  NDS-1  was  launched  in  February  1978;  NDS-2  was  launched  in  May  1978,  and 
are  undergoing  test  and  evaluation.  Each  satellite  can  be  seen  for  an  average  of  six  hours 
per  day  anywhere  in  the  world.  Figure  3  illustrates  expected  times  in  view  for  the  six 
satellite  constellation  from  San  Francisco.  Note  that  at  least  one  satellite  is  in  view 
about  18  out  of  24  hours  each  day. 

3.0  RECEIVER  DESCRIPTION 

The  Time  Transfer  Receiver  is  contained  in  a  standard  19"  wide  rack  mounted  chassis. 

A  remotable  L-band  preamp  and  omni-directional  antenna  are  provided  for  external  or  roof 
top  mounting. 

3 . 1  RF  Antenna/Preamp 

The  RF  antenna/preamp  assembly  is  designed  to  ensure  a  carrier-to-noise-density  ratio 
for  the  El  signal  under  worst  case  conditions  of  37  dB/Hz.  The  antenna  is  a  narrowband 
Circularly  polarized  unit  providing  unit  gain  over  the  LI  frequency  band  everywhere  above 
20  degrees  elevation.  The  preamplifier  is  of  conventional  design,  preceded  by  a  narrow- 
band  preselector,  providing  a  noise  figure  of  better  than  5  dB  and  a  gain  of  more  than  40 
dB.  The  entire  assembly  is  designed  for  operation  in  an  unprotected  environment  over  a 
temperature  range  of  -25oC  to  +65oC. 

3 . 2  Time  Transfer  Receiver 

The  heart  of  the  TTU  is  the  Time  Transfer  Receiver  (TTR) .  The  TTR  receives  and  tracks 
the  PRN  coded  GPS  signal  at  1575  MHz,  demodulates  the  carrier,  and  detects  the  50  bps  Navi¬ 
gation  data  which  biphase  modulates  the  carrier.  Navigation  data,  code  epochs,  and  receiver 
status  are  provided  as  outputs  for  processing  or  printing  via  an  IEEE-488- 1975  compatible 
interface  bus  every  six  seconds.  Figure  4  illustrates  the  TTR  front  panel  controls.  The 
receiver  may  be  operated  manually  from  this  panel  or  remotely  via  the  processor  interface. 
GPS  time-of-week  is  continuously  displayed  in  the  center  display.  Figure  5  illustrates  the 
major  functional  elements  of  the  receiver. 

3 . 3  Downconverter 

The  downconverter  preselects,  downconverts ,  amplifies,  filters,  and  levels  the  input 
l-band  signal.  Single  downconvers ion  is  used  to  an  IF  of  81.84  MHz  where  signal  distribu¬ 
tion  and  correlation  is  performed.  All  conversion  signals  are  synthesized  from  the  local 
frequency  standard.  Provisions  are  included  for  injection  of  test  RF  or  IF  signals  from  a 
NAVSTAR  test  transmitter  such  as  STI  Model  5001. 

3 . 4  Code  Tracking  Loop 

The  code  tracking  loop  is  a  conventional  early-late  delay-locked  loop  employing  a 
single  code  channel  which  is  switched  between  early  and  late  code  references.  An  early- 
late  discriminator  accepts  the  early  and  late  codes,  correlates  the  received  and  reference 
codes,  ind  demultiplexes  the  switched  error  signals  to  provide  a  digital  error  signal 
proportional  to  the  received  code  offset.  The  code  loop  filter  and  number-controlled- 
oscillator  circuits  which  generate  the  corrected  code  clock  are  all  digital  designs  which 
retain  the  phase  noise  purity  of  the  reference  oscillator  so  as  to  achieve  a  very  narrow 
band  tracking  loop.  The  code  generator  generates  any  one  of  37  Gold  codes  used  for  the 
GPS  C/A  signals,  the  proper  code  selectable  by  satellite  ID. 

3 . 5  Navigation  Data  Detection 

This  module  accepts  video  50  Hz  navigation  data  from  the  carrier  loop,  synchronizes 
and  detects  the  data  and  subframe  synchronization,  and  generates  data,  timing  and 
synchronization  signals  for  the  external  processor.  The  received  HOW  word  is  also 
extracted  for  panel  display. 


3.  ft  Frequency  SytiUies  i .ter 

,  imirnaivlr  Pw  lnt?rnal  10  ««z.  frequency  reference  provides  for  generation  of 
all  Internal  ly  used  frequencies  from  an  internal  or  external  frequency  standard. 

this  module  provides  control  of  receiver  operating  modes,  front  panel  controls 
IKKF 1  Interface  Bus°"  J‘U  t‘*tl‘rnal  c",’trL’1  ;,I’d  status  interfaces  with  the  processor  via  the 


Dat  i  i'roc 


vess  in,;  t  on!  lgurat  ton 


A-.  indicated  earlier,  the  data  processing  configuration  required  for  t  h.  TTl'  will 
depend  on  the  part iculax  host  user's  application  For  the  development  model  of  the  TIT 
1  CRT  keyboard  win  be  used.  rhis  configuration  was  ' 

s^.ie.iv.  to  provide  tlexioility  ot  test  and  evaluation,  particularly  with  respect  to 
evaluation  ot  t ime- t rats i er  algorithms  An  extended  precision  time  interval  counter  is 
ini  1 uded  in  .he  processoi  coni lgurat i on  to  process  the  receiver  generated  code  epochs 
.ae.ihui  onieath  with  li1  nanoseconds  resolution. 


The  software  provided  with  the  TTl'  includes, 
systems  and  library  routines,  nine  applications  t’ 


in  addition  to  standard  vendor  opera; 


systems  and  library  routines,  nine  applications  peculiar  modules  which  provide  operator 
ill  ^he'rKTT™  '  '>•**••  ••Fquisit  ion.  data  reduction,  display,  and  diagnostic  capability 
*,  1  CR1  kl,%bvarJ  whlch  acts  as  the  control  station  for  the  svstem,  Firure  0 

illustrates  the  processing  sequence. 


pon  initialization,  the  system  verifies  proper  program  loading,  c 
':'pat  apt-rations,  and  requests  operator  inputs  for  satellite  IP  initi 
and  verification  ot  proper  svstem  time.  The  receiver  is  then  in ter  roe  a 
ls  1  ”->v  igat  ion  data  tram,  is  read  in  and  checked  for  validity' 

]  lata  ‘  ivallable,  navigation  data  processing  begins.  This  process 

t  rails:'.;  i 1  ime  once  every  six  seconds  which  is  chon  compared  to  the  m 
arrive !  as  determined  ! rom  the  time  interval  between  received  and  local 
,  iti  ■  inferences  ir«  then  smoothed  over  a  two  minute  interval  to 

estimates  . 1  <  and  frequency  error  in  the  local  user’s  clock 

displayed  to  Che  operator  as  illustrated  in  Figure 
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'  CONdl.TS  IONS 


A,  '  T”  ir-ms!or  l’ni:  F.tpahly  oi  providing  l.U  nanoseconds  world-wide  time  svnehroni-ta- 
'!I.V  SIl'n-lls  l  r.msmit  t  cd  by  CPS  N’AVSTAK  satellites  has  been  described  Such  units 
'  1  fr®queni  md  impi  ved  calibration  o(  existing  itomic  clocks  a-  remote 

ioi.it  tons,  and  upgrading  ol  time  and  trequenev  accuracy  available  from  conventional  crvst.l 
. i equenc v  s  t andards , 


capable  ol  providing  100  nanoseconds  world-wide  time  svnchroni.ta- 
■itted  hv  Id’S  N’AVSTAK  satellites  has  been  described.  Such  units 
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SUMMARY 


E.  L.  Las ley 
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Electronics  Division 
P.  0.  Box  81127 
San  Diego,  CA  92138 
U.S. A. 


The  GPS  Control  Segment  is  responsible  for  providing  accurate  navigation  data  to 
each  GPS  satellite  for  subsequent  broadcast  to  GPS  users.  This  navigation  data  is 
based  on  satellite  tracking  data  which  is  collected  at  the  GPS  Monitor  Stations,  proc¬ 
essed  by  the  CPS  Master  Control  Station,  and  transmitted  to  the  satellites  by  the  GPS 
Upload  Station.  The  present  paper  describes  the  data  processing  performed  at  the 
Master  Control  Station.  Briefly,  the  tracking  data  is  corrected  for  known  determin¬ 
istic  effects  and  is  used  to  generate  optimal  (i.e.,  minimum  mean  square?)  estimates  of 
satellite  ephemeris  and  clock  behavior.  Prior  to  satellite  upload,  the  most  recent 
satellite  parameter  estimates  are  propagated  into  the  future  to  provide  ephemeris  and 
clock  predictions  which  art*  then  parameterized  in  a  compact  manner  for  the  navigation 
message . 


INTRODUCTION 

The  objective  of  the  GPS  Control  Segment  (CS)  is  to  maintain  the  constellation  of  navi¬ 
gation  Space  Vehicles  (SVs)  in  order  to  provide  accurate,  continuous,  world-wide  naviga¬ 
tion  support  for  GPS  users.  This  maintenance  consists  of:  a)  The  navigation  support 
function;  and  b)  The  command  and  control  functions.  In  Phase  I  of  the  GPS,  b)  is  not  a 
function  of  the  CS  per  se,  but  has  been  delegated  to  the  Air  Force  Satellite  Control 
Facility.  The  present  paper  will  be  concerned  only  with  the  navigation  support  function. 

The  GPS  satellites  provide  continuous  RF  transmissions  from  which  users  may  determine 
their  three-dimensional  position.  The  transmitted  data  from  each  satellite  includes  a 
pseudorandom  noise  (PRN)  signal  from  which  the  user  may  determine  his  distance  from  the 
satellite,  and  a  low-rate  (50  bit/second)  data  message  which  provides  the  user  with  the 
satellite's  position  (ephemeris).  The  data  message  also  contains  information  about  the* 
on-board  frequency  standard  (clock)  from  which  the  PRN  code  is  derived. 

The  ephemer is/clock  determination  function  is  based  on  ranging  measurements  performed 
by  four  remote  Monitor  Stations  (MSs)l.  The  MSs  receive  navigation  and  health  data  from 
each  SV ,  perform  pseudorange  and  integrated  doppler  measurements ,  and  report  all  data  to 
the  Master  Control  Station  (MCS).  The*  MCS ,  in  turn,  processes  these  measurements  using 
a  Kalman  estimator/predictor  to  predict  the  satellite*  ephemerides  and  clock  behavior  for 
some  future  span  of  time*  (^  24  hours).  These  predictions  are*  then  encode'd  into  the*  naviga¬ 
tion  message  format^  and  transmitted  via  the  Upload  Station  (ULS)*’  to  the*  satellite*  on¬ 
board  computer  for  subsequent  transmission  to  the  user. 

The*  ephe*me?ris  determination  technique  used  by  the*  Control  Segment  is  a  two-ste*p 
process  making  use  of  an  off-line*  least-squares  batch  fit  using  approximately  erne'  week 
of  me*asure»me*nt  data  to  produce  a  reference  e*phe*me*r  i  s ,  and  a  f  i  rst-orde*r  corre?ction  com¬ 
puted  on-1  ine  by  the*  MCS  Kalman  estimator  using  addi  tional  measurement  data.  The*  re*f  e*re*nce* 
ephemeris  provides  both  initial  estimates  of  the  satellite  trajectory  around  which  per¬ 
turbations  are  computed  by  the*  estimator,  and  the*  time  dependent  state  transition  matrix 
(partial  derivatives)  also  use?d  in  the*  estimator.  The*  batch  fit  for  the*  reference  ephem- 
eris  is  performed  at  the  Naval  Surface  Weapons  C<*nter  (NSWC/DL)  at  Dahlgren.  Virginia 
using  the  CELEST  program  and  measurement  data  transmitted  daily  to  them  from  the*  MCS  at 
Vandenberg  AFB.  A  predicted  reference  ephemeris  is  subsequently  sent  from  NSWC  to  the 
MCS  weekly  for  the  on-line  processing  of  new  measurements.*  A  time  line  for  the  two-step 
ephemeris  determination  process  is  shown  in  Figure  1  for  one  reference  ephemeris  span. 

This  process  is  repeated  every  7  days. 


MCS  Ephemeris  Determination 


The  on-lint*  Kalman  estimator  processing  is  summarized  functionally  in  Figure  2,  and 
is  characterized  by  the*  following  elements. 


*  A  trajectory  and  partials  integrator  has  also  been  included  in  the  Phase  I  MCS  for 
generating  the  reference  ephemeris  locally.  This  integrator  can  use  initial  condi¬ 
tions  derived  from  Kalman  estimate's  at  a  time  1 to  produce  a  reference  ephemeris  for 
use  in  the  filter  for  t>t  .  In  this  mode  of  operation,  t he  ephemeris  determination 
technique  resembles  an  extended  Kalman  filter. 
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Figure  1.  Time  l.im*  for  Kphemerls  Petermi  nut  ion 


Hanging  Measurement s —  Hanging  measurement s  (nominally  every  0  seconds)  are  sent 
from  each  MS  to  the  M0$  For  each  sati‘llite  in  view.  The  measurements  include  L-hand 
signals  at  2  frequencies,  I, ^  and  I.,, 

•  l.|  pseudorange  measurements 

•  pseudorange  difference  measurement 

•  Delta  pseudorange  measurement  on  1,.  over  the  measurement  reporting  interval 

(integrated  doppler  measurement); 

Satellite  and  MS  health  and  status  data  as  well  as  me t eoro 1 og i ca 1  data  arc  also  received. 


Figure  2.  Functional  Block  Diagram  of  tin*  M('S  Kphemeris  and  ('loci  Determination 
Processor 


Corrector  —  Correct  ions  an*  made  to  each  measurement  to  account  for  various  known 
biases:  Satellite  and  monitor  station  antenna  phase  center  offsets;  relativistic  clock 

drifts;  general  relativistic  frequency  shift;  special  relativistic  ray  path  aberration; 
and  MS  motions  during  signal  transit  time  (because  we  have  chosen  to  work  with  instan¬ 
taneous  geometric  ranges  rather  than  slant  ranges).  Tropospheric  refract  ion  correct  ions 
are  computed  using  the  modi*  1  of  Chao'l  •  *r>  in  which  temperature,  humidity,  and  barometric 
pressure  art*  parameters.  The  ionospheric  delay  correction  uses  the  l.j -l,o  pseudorange 
difference  measurement  (the  so-called  "two- frequency  model").  Time  tags  are  also  modi¬ 
fied  from  MS  receive  time  to  SV  send  time.  The  range  measurements  are  converted  to 
residuals  in  the  corrector  by  the  subtraction  of  tin*  satellite  run go  as  computed  using 
the  reference  ephemeris.  Tin*  corrected  pseudorange  measurement  is  then  a  measurement  of 


where  each  term  is  evaluated  at  t he  time  of  SV  transmission.  Rsy  and  f  are  the  true 
and  reference  SV  position  vectors,  respectively;  R^s  is  tin*  MS  location  vector;  Ats  is 
(he  SV  clock  offset  and  At~.  is  the  MS  clock  offset  ;  and  X  is  a  residual  (unmodeled^ 
tropospheric  delay  term.  The  corrector  also  estimates  tin*  noise  variance  on  the 


Smoot  >u*r  —  In  the  course  of  an  iterative  process  of  fitting  and  editing,  the  rang¬ 
ing;  data  smoother  generates  a  weighted  least -square's  polynomial  fit  to  an  edited  subsit 
of  the  corrected  pseudorange  and  delta  pseudorange  data  collected  for  each  SV-MS  pair. 

For  a  given  pair,  the  polynomial 

r(t  )  =  a(j  +  a,  I  ♦  ...  *  antn  (2) 

is  then  evaluated  at  the  midpoint  of  the  raw  data  span,  tw,  and  start  and  end  times  of 
tht'  raw  measurements  ty  and  t  i; .  The  smoothed  pseudorange  measurement  residual,  'r(tM) 
and  smoothed  delta  pseudorange  residual, 

Ar  (tE.  tg)  -  r  (tK)  -  r  (ts)  ,  (3) 

are  formed  for  use  in  the  Kalman  filter.  In  addition,  the  smoother  estimates  the  corre¬ 
sponding  noise  (and  the  correlation  coefficient  )  of  the  two  smoothed  measurements  based 
on  the  noise  estimates  input  from  t  he  corrector,.  ‘  ..‘‘W 

Ka  I  man  Kst  irnat  or  —  The  purpose  of  the  Kalmftn  estimator  is  to  form  revised  estimates 
of  the  system  state  vector  and  the  estimate  error  covariance  matrix  using  the  smoothed 
pseudorange  and  delta  pseudorange  measurement  residuals.  The  Kalman  filter  estimation 
error  covariance  matrix  is  computed  using  the  measurement  noise  estimates  generated  by 
the  smoother  and  model  dependent  process  noise  parameters,  and  vising  the  reference  trajec¬ 
tories  and  partial  derivative  provided  on  the  reference  ephemeris.  The  filter  implemen¬ 
tation  chosen  is  a  Carlson  square-root  sequential  filter  with  states  carried  at  constant 
epoch  (reference')  times.  A  single  computational  cycle  consists  of  a  single  time  update, 

Su  (t  +  At)  =  (So(l)  (t)  +  I'1  (I)  Q(t)  *-T(t))1/2  (4) 

followed  by  a  sequence  of  measured  updates,  each  of  the  form 

X*  =  X  +  K  [/.  -  I!  X  I  (5) 


(  I  -  Kll)  S 
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K  =  Ka 1  man  ga  i  n  mu  t  r i x 


St)  =  bower  triangular  square  root  of  tin*  estimate'  error  covariance  matrix 
=  System  epeich  state  vector 
♦  =  State'  transition  matrix 

Q  =  Process  noise  matrix 
H  =  Measurement  noise 
11  =  Measurement  matrix 


The*  matrix  septan*  root  indicated  in  equation  (1)  for  S  is  evaluated  using  Cheilesky  fac- 
tor  i  /.at  ion .  while  that  in  equation  ((>)  uses  the'  method*  of  Carlson  which  ensures  that 
S*  is  in  lower  triangular  form. 

Tlie'  Kalman  fitter  program  also  eontains  preivis iems  for  solution  partitioning, 
reinitialization,  redundant  state  recombinations,  master  clock  designation  change's,  and 
special  processing  te>  handle  such  occasional  or  short  term  effects  as  SV  momentum  dumps, 
station  keeping  maneuvers,  and  MS  receiver  ree'a  1  i  bra  t  ions  . 

Th«*  Phase*  I  syste»m  state  vector  contains  the'  following  state's: 


•  3  satellite  position  coordinates 

•  3  satellite  velocity  coordinates 


(>  orbital  e'le'me'nts,  P 


3  solar  pre'ssure  scaling  parameters  per  satellite,  SP 
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•  3  satellite  clock  states  (phase,  frequency,  and  frequency  drift  ) 

•  2  Monitor  Station  clock  states  (phase  and  frequency)  for  each  nonmaster  MS 
(by  definition  of  system  time,  the  master  MS  clock  is  perfect) 

•  1  tropospheric  residual  bias  state  for  each  MS 

•  3  polar  wander  states 

For  the  Phase  1  system  with  t>  SV's  and  1  MSs .  85  states  are  est  i  mated. 


The  transition  matrix,  i  may  be  decomposed  as  shown  in  equation  (rt)  for  u  partition 
con t  a i n i ng  one  SY . 


when 
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where  A  is  the  identity  matrix,  and  t  .  t  ....  and  t  ....  are  the  ephemeris,  SV  clock. 

oe  o  SV  <»  MS  ' 

c 

and  MS  clock  epoch  t imes,  respect ively. 

For  partitions  containing  more  than  one  SV.  the'  *1*  matrix  is  augmented  to  include  the 
12  X  12  combined  ephemeris,  solar  pressure',  and  SV  clock  state  matrix  for  the'  addit  ional 
SVs.  The  MS  and  PW  state's  arc  rt'pe*ate'd  in  each  partition. 


The  upload  schedule  requires  that  the'  converge'ne*e  to  the*  Kalman  estimator  be'  as 
rapid  as  possible'.  Fe>r  this  re'ason ,  the*  filte'r  has  a  sophisticated  proce'ss  imise'  mode'  l 
including  estimate's  e>f  modc'l  error  for  solar  radiation  pre'ssure',  seilar  e'clipse'  time'  un¬ 
certainty,  ge'opot  e»nt  i  a  1  uncertainty,  and  e’arth  albe'de)  uncertainty.  Each  o  f  these  effects 
e'nte'i*  with  their  approximate  ge'e>me'tric  dependence  and  corrc  1  a  t  ion  eoe  f  fi  c  i  ent s . 
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Kphemeris  unit  SV  Clock  Prod  i  c  t  ion  —  The  satellite  clock 


the  predi 

c t  ion 

spa  n 

and  u  t 

i  me  * 

The  SV  re 

fe*re*ne 

•e*  eph 

emer i s 

i  s  ci 

Pre'd 

( t  > 

( t  > 

VPri'd 

u ) 

vHt-r 

( t  > 

:*V(  t  ) 

IP 


c)SP 

o 

>V(  t  ) 

;»sp 


SP 


sp 


states  are  propagated  throughout 
is  uploaded  to  the  satellite, 
system  states  by  t he  equations 


Rf,  ,  and  .  are  computed  in  eart  li-cent  ered .  earth-fixed  coordinates  using  transforma- 

I’red  Pred 

t ions  containing  the*  reference  and  state  estimates  for  pole  wander.  The  antenna  phase 
center  offset  from  the  SV  center  of  mass  is  added  to  the  predicted  position  before  fitting 
of  the  uploaded  orbital  element  representation.  An  approximation  to  the  user  independent 
part  of  the  relativistic  frequency  correction  is  also  applied  to  the  clock  prediction 
polynomial  representation  before  upload. 


S i mu  1  a t  ed  Performance 


The  ephemeris  and  clock  est  imat.  ion/pred  ict  ion  techniques  described  above  have  been 
evaluated  in  simulation  for  one  SV.  Using  simulated  smooth  measurements  from  the  four 
Phase  I  MSs  in  the  so-called  "Kphemeris  End  Around  Check"  the  simulated  SV  orbit  corre¬ 
sponded  nominally  to  the  Navigation  Technology  Statellite,  NTS-II,  and  the  simulated  error 
sources  included 

•  Tropospheric  residual  error 

•  Geopot ent \ a  1  error 

•  Solar  radiation  reflectivity  errors 

•  Receiver  noise 

•  Random  clock  error  (NTS-II  cesium). 

•  Polar  wander  errors 

The  calculations  spanned  four  weeks  and  simulated  the  estimation/prediction  schedule 
expected  i n  Phase  l.  The  Aerospace  Corporation  generated  simulated  smoothed  measurements 
both  for  NSWC  to  produce  a  reference'  ephemeris,  and  for  OPE  to  generate  predictions  based 
on  the  Kalman  filter  estimation.  The  reference'  ephemeris  for  the  first  twelve  days  was 
differenced  with  the  true'  SV  trajectory  at  Aerospace,  and  the'  results  are'  shown  in  Figure 
3.  The'  large'  in-track  error  is  due'  t.e>  solar  pressure'  modeling  error.  New  reference  tra- 
je'e  tor  i  e*s  we  >  re  *  generated  e'very  7  days. 


Figure'  3. 


Re'fe'rence'  Kphemeris  Error  —  We'e'k  1 


Tho  ro  t  oronoo  ophomor  is  was  usod  in  tho  Kalman  ttltor  for  .8  days,  tin*  first  .  days 
without  prodlotion  to  Stahl l toe  t  ho  flltor.  and  t  ho  rotmtinitiK  days  with  .VI  hour  prediction 
spans  following  oaoh  2-1  hours  of  ostimatton.  Tho  orror  hoiwoon  t  ho  Kalman  ft  1 1  or  pro 
diet  tons  and  tho  truth  trajootory  is  shown  in  Fttfuro  I  for  oa«*h  prodlot  ion  span  in  tho 
sroond  work.  It  can  ho  soon  that  tho  flltor  removed  '  ‘dO'T  of  tin*  in  t  rack  orror  roma  t  n  t  nu 
in  tlu*  roferonoo  ophomor is.  and  '  7f»‘T  of  tho  entss  t  rack  and  radial  orror 
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Figure  :>  shows  tho  S\  deck  prodlotion  error  for  wook  two  of  tho  simulation  Tin* 
nonutit  form  magnitude  of  tho  SY  deck  orror  rot  loots  tho  random  naturo  •*!  atontiv  clock 
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Figure  ,V  SV  I'look  Prediet  ion  Krror  for  tin*  Sooond  Wook 


all  of  which  we  ignore  in  this  discussion  of  CS  performance) .  For  a  user  at  t  ho  Phase  I 
Yuma  Proving  Ground  test  range,  tin-  simulated  UERK  is  niven  below  (RMS  at  1.2  and  2  hours 
after  upload  over  the  second,  third  and  fourth  weeks  of  simulation): 


Kphemer i s 


UKRK01.  .  . 

S\  clock 


The  total  UKRl  is  smaller  than  the  RSS  of  ephemeris  and  clock  components  due  to  error 
cor re l at  ion . 

The  Phase  I  specification  value  for  SV  clock  prediction  is  9  ns  (2.7m)  after  2 
hours,  which  is  met  in  the  simulations.  The  spec i f icat ion  value  for  line  of  sight 
ephemeris  error  is  3.(56  meters  UKRK  after  21  hours.  This  is  met  according  to  this 
simulation  which  shows  the  average*  of  the  ephemeris  error  using  the  worst  case  formula: 


UKRK,,  .  -  c  .  ,  ♦  .25 

hphemeris  <■  radial 


in-track  cross-track 


=  3.0  meters 


This  overestimates  the  error  as  seen  by  the  user  since  it  is  unlikely  that  he  would  choose 
4  worst  case  SV * s  to  navigate  by. 
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SUMMARY 

The  use  of  standardized  circuit  modules  enabled  Texas  Instruments  to  produce  affordable  Global  Positioning  System  user 
equipment  sets  which  satisfy  the  wide  range  of  performance  required  by  vanous  applications,  although  the  designs  were  restrained 
b>  the  si/e  and  cost  allowances  of  those  applications.  Such  characteristics  as  time-to- first-fix,  jamming  resistance,  and  permitted  host 
vehicle  velocity  were  adjusted  b>  changing  the  quantities  of  common  modules  that  comprise  the  receivers  and  processors  of  the 
Manpack  Vehicular  User  Equipment,  the  High  Dynamic  User  Equipment,  and  the  Missile-Borne  Receiver  Set. 

I  INTRODUCTION 

Historically,  sophisticated  equipment  was  designed  and  fabricated  to  meet  its  specific  requirements.  Although  such  an  approach 
may  be  the  simplest  to  undertake,  it  provides  only  minimum  production  advantages  to  each  user.  Cost  and  risk  for  each 

configuration  are  high.  In  an  attempt  to  offset  some  of  these  disadvantages,  there  is  an  inclination  toward  the  development  of  three 

or  four  standard  system  configurations,  one  of  which  may  be  selected  for  a  specific  user  application.  Such  an  approach  does  afford 
some  advantages  as  a  result  of  the  potential  increase  in  production  of  each  configuration,  but,  in  most  cases,  it  will  result  in 
compromises  of  performance  and  physical  characteristics. 

A  more  effective  approach  for  achieving  utility  and  affordability  can  present  perhaps  the  more  difficult  initial  design  and 
development  issues.  This  approach  requires  establishing  user  equipment  commonality,  not  at  the  system  level,  but  at  the  subsystem 
level.  Hiese  building  blocks,  or  common  modules,  can  be  used  to  satisfy  every  user  equipment  requirement  and,  consequently, 

provide  the  maximum  production  volume  advantage.  Because  of  the  flexibility  and  commonality  established  at  this  level, 

performance  and  physical  characteristics  are  not  compromised  for  specific  user  requirements.  C  omponent  technology  improvements 
can  be  incorporated  with  minimum  perturbations  to  other  functional  elements.  The  result  is  an  approach  that  permits  a 
concentration  of  effort  in  subsequent  development  phases  aimed  toward  maximum  cost  improvements  beneficial  to  all  users.  This 
approach  us  not  encumbered  with  the  difficulties  of  the  "slight”  variations  of  system  performance  that  all  too  often  require  a  major 
rework  or  redesign. 

IE  Gl  OBAL  POSITIONING  SYSTEM  (CiPS)  USER  EQUIPMENT  IMPLEMENTATION 

The  design  of  common  modules  must  be  preceded  by  a  careful  definition  of  the  functions  to  be  performed  by  each  module. 
Hus  definition  us  evolved  through  an  iterative  evaluation  process  centered  upon  variables  such  as  GPS  equipment  functions  to  be 
performed,  current  and  projected  component  technology,  performance  and  physical  characteristics,  and  cost.  Basically,  this  process 
follows  the  general  steps  listed  below  (illustrated  in  Eigures  1  and  2): 

Definition  of  functions  to  be  performed  by  CiPS  user  equipment 

Separation  of  these  functions  into  two  categories,  those  sensitive  to  applications  and  those  not  sensitive 

Subdivision  of  application-insensitive  functions  into  elements  grouped  to  provide  maximum  commonality  over  the 
identified  user  requirements 

IX*sign  of  common  modules  that  provide  the  performance  required  of  these  elements. 

The  design  of  each  common  module  was  guided  by  imposing  constraints  defined  by  the  requirement  containing  the  worst  case 
condition  applicable  to  the  module.  Eor  example,  the  design  constraints  for  size,  weight,  and  power  may  be  driven  by  a 
man-portable  requirement,  while  performance  and  environmental  constraints  may  be  driven  by  missile  and  satellite  requirements.  In 
addition,  other  constraints  and  controls  were  established  that  guided  the  common  module  life-cycle  cost  efforts. 

The  system  concept  and  design  resulting  from  this  effort  permit  maximum  commonality  between  various  system  designs 
through  the  use  of  different  quantities  of  common  modules  to  satisfy  specific  performance  requirements.  Also,  because  of  the 
functional  nature  of  the  modules,  improvements  to  accommodate  performance  requirements  were  incorporated  with  minimum 
impact.  Texas  Instruments  GPS  user  equipment  consists  of  three  different  system  types:  the  High  Dynamic  User  Equipment 
(HDUE)  used  in  high-performance  aircraft;  the  Missile-Borne  Receiver  Set  (MBRS)  used  in  the  Minuteman  missile  test  program,  and 
the  Manpack/Vehicular  User  Equipment  (MVUE)  used  in  manned  vehicles  such  as  trucks,  tanks,  and  jeeps.  A  comparison  of  the 
major  performance  requirements  of  these  systems  is  shown  in  Table  1.  while  a  comparison  of  other  characteristics  is  shown  in  Table 
2.  These  systems  are  shown  in  Eigures  3,  4.  and  5. 

Additional  information  regarding  the  three  systems  is  presented  following  a  discussion  of  the  receiver  section,  the  processor 
section,  and  the  navigation  filter  section. 

III.  RECEIVER 

A.  Block  Diagram 

A  receiver  may  be  configured  with  one  to  five  channels,  depending  on  user  dynamics  and  performance  requirements.  A  blink 
diagram  showing  one  of  these  channels  is  presented  in  Eigute  6  Each  channel  contains  two  or  three  narrowband  modules  and  one 
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Figure  I  Functional  Swtein  Operation 


Figure  2  (irnrral  Block  Diagram 

each  wideband,  output,  code,  and  frequency  synthesizer  modules.  I  ach  receiver  has  a  single  master  oscillator.  clock  module.  built-in 
test  mtxlule.  and  data  processing  unit,  regardless  of  the  number  of  channels.  Both  code  and  earner  loops  atv  contained  in  each  Rl 
channel.  The  input  signal  of  1  ,  (154  f0)  and  l:  (120  f0)  is  received  at  the  antenna  (fP  is  a  reference  frequency  of  10.23  MH/). 
Ihe  code  tracking  is  implemented  in  the  narrowband  modules  (when*  correlation  occur),  the  output  nuxlule  and  data  processing 
unit  (offset  detection),  and  the  code  module  (code  generation  and  adjustment). 

Hu*  carrier  tracking  loop  is  implemented  in  the  wideband  and  narrowband  nxxlules  (Rl  down-conversion  and  phase  frequency 
detection)  and  in  the  frequency  synthesizer  module  (loop  filter  and  WO).  The  clock  for  the  code  generator  module  is  tuned  by  the 
carrier  tracking  loop.  Thus,  the  code  loop  tracking  is  aided  by  the  carrier  tracking  loop. 


B  Module  Description 

The  input  to  the  antenna  is  a  doppler-offset  carrier  signal  that  is  biphase  modulated  with  code  and  data  .is  shown  in  Figure  tv 
The  antenna  signal  may  bo  amplified  in  a  low-noise  preamplifier  before  reaching  the  wideband  module.  The  wideband  nuxlule 
amplifies  the  signal  at  1  -band,  down-converts  to  the  first  intermediate  frequency  (IF)  of  IS  f0  (I  ♦  V  (.').  and  amplifies  further  in 
the  IF.  The  IF  bandwidth  is  15  Mil/  to  allow  the  code  spectrum  to  pass.  Some  of  the  doppler  is  removed  from  the  signal  in  all 
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Figure  6  Man  pack  Receiver  Functional  Blink  Ihagrain 


do  wn-c  on  versions  in  this  receiver.  When  the  earner  is  locked,  all  local  oscillator  frequencies  tune  and  track  with  the  signal  doppler 
oflset  in  a  coherent  manner.  The  wideband  module  contains  an  AC iC  to  control  its  gain  and  a  pulse’  blanker  to  minimize  the  effects 
of  pulse  jamming.  The  output  of  this  module  offsets  the  IT  by  10  Mil/  and  introduces  a  receiver  internal  code  (T-code)  to  enhance 
rejection  of  CW  jammers.  The  wideband  module  output  is  split  to  feed  either  two  or  three  narrowband  modules. 

The  narrowband  module  has  a  second  down-conversion  and  an  IF  at  f0  +  10  Mil/  Final  IF  amplification  and  filtering  occur 
before  conversion  to  baseband  in  a  Costas  phase  detector.  The  code  is  correlated  or  removed  at  this  module’s  input,  so  the  IF 
bandwidths  *re  reduced  to  50  kHz  and  eventually  to  4  kll/  to  prevent  noise  power  saturation  in  the  IF  amplifiers.  Baseband 
circuitry  in  this  module  includes  phase  detection,  frequency  detection,  envelope  detection  of  the  input  signal,  signal-to-noise  ratio 
detection,  and  a  second  AGC  circuit 

The  phase*  or  frequency  detector  output  of  the  narrowband  module  is  used  to  drive  the  carrier  tracking  network  in  the 
frequency  synthesizer  module.  Hie  network  or  loop  filter  output  tunes  a  voltage-controlled  crystal  oscillator  (VCXO)  which  tunes 
the  frequency  of  all  the  local  oscillators  (LOs)  used  throughout  the  receiver.  All  LOs  and  the  tracking  network  are  in  the 
synthesizer  module.  A  digital  loop  filter  and  oscillator  are  used  for  these  carrier  tracking  functions  in  the  MBRS  to  accommodate 
tracking  the  higher  doppler  frequency  and  provide  the  more  stringent  accuracy  in  range  rate  measurements. 

The  code  module  generates  the  receiver’s  replica  of  the  input  signal  code.  Farly.  late,  and  prompt  code  versions  are  generated 
and  output  to  the  narrowband  modules  for  code  correlation  and  alignment.  As  described  earlier,  the  code  tracking  is  aided  by  the 
carrier  tracking  loop  to  remove  the  doppler.  This  is  accomplished  through  17  f0  (I  +  V  O  input  to  the  code  module  used  as  the 
vode  clock  alter  division  by  17  In  addition,  the  code  can  be  slewed  by  division  by  16  or  lb  to  center  the  code  alignment.  A  code 
discriminator  is  formed  m  the  data  processing  unit  and  is  used  to  drive  the  code  centering  circuitry  in  the  code  module.  The  code 
module  also  contains  the  pseudorange  measurement  circuitry  that  measures  the  code  state  at  a  reference  time  mark 

The  clock  module  uses  a  10-MHz  reference  oscillator  clock  signal  to  provide  timing  marks  needed  in  the  rest  of  the  receiver. 
Both  hardware  counters  and  processor  interrupts  are  obtained  from  this  module. 

The  output  module  serves  as  an  interface  between  the  RF  hardware  and  the  digital  processor  receiver  control  unit.  The  output 
module  provides  analog-to-digital  (  A  D)  conversion  of  the  envelope  detectors  in  the  narrowband  modules  and  control  decoding  to 
set  latches  in  the  other  hardware  modules  The  50-llz  signal  data  are  also  detected  in  this  module.  Finally,  a  range  rate  counter  is 
included  in  this  module  to  count  the  frequency  of  the  VCXO  in  the  frequency  sy  nthesizer  module.  When  the  receiver  is  locked  to 
the  input  signal,  its  output  is  the  pseudorange  rate  used  in  navigation  computations. 

A  separate  built-in  test  (Bin  module  provides  a  coded  L,  and  L2  test  signal  and  an  IS  t'0  test  signal  for  testing  the  receiver.  It 
allows  calibration  ot  time  delays  in  multichannel  systems  and  provides  health  checks  for  all  the  receiver  channels. 

C.  Performance 

The  receiver  provides  pseudo  range  jnd  pseudorange  rate  measurements  for  navigation  computations.  Table  }  shows  the 
accuracy  of  these  measurements  for  normal  and  jamming  conditions. 

IV  PROCESSOR 

The  various  common  processor  system  configurations  are  illustrated  in  Figure  7.  All  configurations  use  the  same  basic  set  of 
common  processor  modules  (e.g..  microprocessor  module,  memory  modules.  TO  modules).  The  single  processor  configuration  uses 
fewer  of  each  module  type  than  the  more  sophisticated  multiple  processor  configurations. 
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The  microprocessor  module  (MPM)  provides  computational  and  functional 
control  capability  for  the  various  system  configurations.  Mach  MPM  interfaces 
with  program  memory  modules  (PM Ms),  data  memory  modules  (l)MMs),  and  a 
communication  register  interface  module  (CKIM)  on  its  local  memory  bus.  The 
components  of  the  MPM,  as  shown  in  Figure  8,  are  the  microprocessor  unit, 
adda*ss  decode  logic,  programmable  read-only  memory  (PROM)  PROM  power 
switching  circuitry,  random-access  memory  (RAM),  clock  circuitry,  and  buffer 
logic. 

The  basic  functional  component  of  the  MPM  is  the  single-chip  16-bit  I2  L 
SBP  9900  microprocessor  unit.  The  9900  is  software  compatible  with  the  TI 
990  minicomputer  family.  General  operational  characteristics  the  micro¬ 
processor  unit  exhibits  are: 

16-bit  instruction  word 
3-MHz  basic  clock 
Memory-to-memory  architecture 
Memory  address  capability  for  up  to  32,768  sixteen-bit  words  or  65,536  eight-bit  bytes 
Separate  memory,  I/O,  and  interrupt  bus  structure 
Use  of  16  workspace  registers  in  memory 
Up  to  16  prioritized  interrupts 

Instruction-driven  communication  register  unit  (C'RU)  and  direct  memory  address  (DMA)  I/O  capability. 

The  MPM  address  decode  logic  performs  memory  address  recognition  and  decode  for  the  memory  (read-only  or  read/write) 
contained  within  the  MPM.  The  PROM  on  the  MPM  provides  the  microprocessor  unit  with  512  words  of  nonvolatile  storage  for 
program  instruction  and  data  constants.  The  PROM  switching  circuitry  minimizes  MPM  power  by  disabling  the  power  source  from 
all  MPM  PROM  devices  not  being  addressed.  The  RAM  on  the  MPM  provides  the  microprocessor  unit  with  256  words  of  high-speed 
read/write  memory  for  allocation  as  workspace  memory.  The  MPM  clock  circuitry  is  provided  for  use  as  a  system  clock  at  the  user’s 
option.  The  buffer  logic  on  the  MPM  provides  the  necessary  buffering  for  the  microprocessor  unit  memory  bus  and  CRU  bus 
signals. 

The  MPM  memory  bus  provides  the  mechanism  for  information  transfer  between  the  MPM  and  the  memory  for  instruction 
fetch  operations  and  storage/data  retrieval  operations.  The  instruction-driven  C’RU  bus,  along  with  the  microprocessor  unit  DMA  I/O 
feature,  provides  the  MPM  with  input/output  capabilities. 


TABLE  3.  RECEIVER  ACCURACIES 
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Figure  7.  Common  Processor  Module  Family 
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laih  11MM  provides  the  system  with  4.0*»<>  wonts  of  tamlom  aeeess  mail  wnte  mem  on  for  temporary  slorap-  of  I  7-bil  Jala 
words  ( Ih  hits  for  data  and  1  hit  for  parity!  I  aeh  DMM  eon  tains  a  sinitle  port  data  and  address  bus  eoinpalihte  with  the  MI’M  local 
memory  bus. 

l  aeti  PMM  provides  the  system  with  nonvolatile  I’KtfM  lor  program  instructions  ami  data  constants  I  aeh  module  contains  a 
maximum  of  lb.  <H-t  words  of  Ih  bits  each  Pie  PMM  single-port  data  and  address  bus  is  compatible  with  the  MI’M  local  memory 
bus  The  memory  bus  signal  pinouts  of  the  PMM  and  PMM  an-  assigned  so  that  a  PMM  can  he  inserted  in  any  PMM  location  and 
n*  pi  ace  up  to  four  PMMs.  Pic  PMM  minimizes  power  use  by  disabling  the  power  source  front  any  PROM  devices  not  being 
addressed. 

The  (KIM  consists  of 

(RP  do  cotier  ami  buffers 
Interrupt  circuitry 
Parity  ge  ne  i  at  or / chec  ke  r 
Reset  circuitry. 

I  he  (  KIM  decodes  bits  }  through  S  ot  the  address  bus  into  eight  register  select  lines  tor  use  In  am  ('RP  device.  Pie  othei 
.nltlrvss  and  (  Kl1  control  lines  aiv  also  buttered  ls»r  use  In  CRP  devices  The  interrupt  circuit rv  synchioni/es  the  interrupt  stimuli, 

Provides  interrupt  masking,  clearing  capability  ami  generates  the  intermpt  icqucst  and  csnlc  signals  for  the  MI'M  Pie  pants 
generator/ checker  performs  parity  checks  on  n\id  s'peratums  amt  generates  the  pants  bit  for  storage  during  unto  operations  to 
ivad  wnte  memory  Rants  errors  arv  signaled  to  tin*  user  as  intermpts  Pie  n*sct  circuitry  iveeives  the  various  system  teset  stimuli 
(eg.  I  mm  power  supply  )  and  provides  com'spomlmg  ivset  signals  to  the  othei  pnvessor  modules 

In  the  multiple  processor  ctmUgurations  <1  iginv  communication  between  the  processors  is  accsMuphshcst  via  the  internal  bus 
(1-bus),  a  high-speed.  I(*  bit  parallel  data  bus  1  he  tianster  ol  data  Iv  tween  prs>ccssors  is  accomplished  tills  nigh  an  intcuncdiate 
DMM  interlaced  ts>  the  I  Inis  I  aclr  MI’M  interlaces  to  the  I  Inis  through  its  associated  I  bus  mteitaee  module  (IIMM1  Pie  HUM 
controls  access  onto  the  I  bus  and  provides  lor  the  hiduvcttonal  passage  of  data  between  the  MI’M  and  the  I  bus 

lu  multiple  processor  configurations,  a  floating  pomg  arithmetic  unit  (IT AID  can  Iv  included  to  provide  floating-point 
arithmetic  and  conversion  capability  Pie  I  l*\l’  is  a  dual-port,  high-speed,  auxiliary  arithmetic  unit  that  performs  single  and  double 
precision  anthmetn  operations  Pie  ITAP  can  Iv  interlaced  to  a  maximum  ot  two  processors  via  then  local  memory  buses.  In 
systems  where  the  I  I’M  is  interfaced  to  two  processors,  a  software  calling  sequence  has  been  establishes!  Is'  avoid  usage  conflicts 

Additional  input /output  capability  is  provided  by  the  data  bus  extender  module  (OKI  Ml  which  extends  the  I  bus  to  external 
devices  Other  special  I  ()  interlace  modules  may  Iv  aililcsl  on  any  local  bus  ts>  satisfy  system  imupie  I  O  requirements 

I  he  vanous  processor  modules  and  processor  configurations  arc  shown  in  I  iginv  *>  I  aeh  module  is  implements's!  smi  a  single 
4  7-  by  5  Pinch  multilayer  printed  wiring  board  (I’WID  pie  exception  is  the  I  TAP.  which  consists  ot  seven  multilayer  hoants 

..jt 
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SINGLE  PROCESSOR 


Kigurr  t).  Processor  Common  Module  family 


Interconnection  ol  the  various  modules  lo  obtain  the  different  processor  configurations  is  accomplished  via  multilayer  mother 
boards. 

fhe  microprocessor  unit  on  each  MI’M  executes  a  full  minicomputer  instruction  set  containing  b‘>  instructions.  The  arithmetic 
instructions  include  add,  subtract,  compare,  negate,  absolute  value,  increment,  decrement,  shift  left/right  arithmetic,  clear,  multiply, 
and  divide.  A  variety  of  logical  instructions  is  also  provided.  Included  an*  set  l’s/O’s  corresponding,  compatv  I 's/O’s  corresponding, 
exclusive  OK.  invert,  AND.  OR.  and  shift  logical/circular.  The  set  of  program  control  instructions  includes  jump  (13  conditions), 
load,  store,  move,  swap  byte,  branch,  and  return  (from  internipt/subroutine). 

Seven  addressing  modes  an*  available  for  operand  derivation.  Instruction  execution  times  range  from  8  (add)  to  124  clinks 
(divide).  M»>st  instructions  require*  10  to  20  clocks  to  execute,  with  variations  dependent  on  the  instruction  function  and  the 
specified  operand  derivation  cycle.  Table  4  lists  the  various  processor  instruction  execution  times  assuming  a  3-Mllz  system  clock. 

V  NAVIGATION  FILTER 

Hie  current  user  sets  (IIDUF,  MBRS,  and  MVUI  )  employ  a  navigation  filter  configuration  that  optimizes  the  processing  of 
pseudorange  and  pseudorange  rate  measurements.  The  IIDUF  and  MBRS  filters  process  the  measurements  simultaneously,  while  the 
MVUI  filter  processes  the  measurements  sequentially. 

I  or  either  type  of  processing,  the  system  is  as  shown  schematically  in  Figure  10.  The  system  uses  two  computational  loops: 
the  fast  loop  (FI )  and  the  slow  loop  (SI ).  The  FL  consists  of  the  propagation  (PR)  task  and  the  measurement-incorporation  (Ml) 
task.  The  SI.  consists  of  the  optimal- filter  (OF)  task.  Die  operations  performed  by  each  task  ate  as  follows 

Propagation  (PR)  task  propagates  the  dynamic  equations  forward  in  time.  For  this,  assume  that  y  is  th.*  state  of  the  system 
Underscored  quantities  an*  vectors,  e  g.,  y  represents  vector  with  components  (y, .  y*.  .  y„)  ’his  task  performs  the 

operation 

y,  = +«,•*.  I*?;  ,  <M 

where  y,  denotes  the  state  vector  of  the  system  at  the  time  t,,  yt  ,  the  stale  of  the  system  at  t,  , .  and  *!>(!, ,  t,  |  )  the 
system  transition  matrix  from  t<  ,  to  t,. 

Measure  me  nt -incorporation  (Ml)  task  incorporates  the  receivable  measurements  in  the  system  to  correct  the  existing 
pro  pa  jcited  state  y.  Phis  task  performs  the  operation 

y,  *  y, +  k.,  A/,  <*> 

where  K(  is  a  set  of  existing  gains  at  t(  and  A/.(  the  measurement  residual  at  t( 

Optimal  filter  (OF)  task  simultaneous  processing  (HDUF.  MBRS)  uses  two  stages,  both  of  which  employ  an  optimal 
Kalman  filter.  Sequential  processing  (MVUI  )  uses  only  one  stage  and  also  employs  a  Kalman  filter. 

In  the  IIDUF  and  MBRS  systems,  the  first  stage,  Stage  I,  propagates  and  updates  the  system  error  state  covariance  based  on 
the  time  interval  At.  while  the  second  stage,  Stage  II,  propagates  and  updates  the  system  error  state  covariance  based  on  the  time 
interval  Ar.  The  output  of  the  OF  is  a  set  of  optimal  gains  K,  used  by  the  Ml  task,  and  the  system  error  covariance  matrix  P,. 
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In  the  MVUE  system.  Stage  I,  the  only  stage,  propagates  and  updates 
the  system  error  state  covariance  based  on  the  time  interval  (At  ♦  At). 
Similarly,  the  output  of  OF  is  a  set  of  optimal  gains  K,,  used  by  the  Ml  task, 
and  the  system  error  state  covariance  matrix  P,. 

Basically,  the  system  receives  observable  data,  consisting  of  the  vectors 
p  and  Ap,  at  At  intervals.  The  data  are  processed  as  they  are  received  by  the 
FL  mechanization.  The  SL  mechanization  operates  in  parallel  with  the  FL 
mechanization,  in  real  time,  computing  the  appropriate  gains  lor  the  system 
and  updating  the  system  statistics.  The  execution  of  SL  occurs  at  (At  ♦  At) 
time  intervals. 

A.  Detailed  System  Description 

Figure  10  describes  the  tasks  relative  to  the  processor  time  line.  The 
process  starts  at  time  t0  and  executes  one  cycle  of  the  OF,  which  takes  the 
process  through  time  t*.  Measurement  data  are  received  at  regularly  spaced 
time  intervals  At.  These  measurements  are  denoted  at  each  instant  as  pM  and 
Apn .  The  filter  gains  used  during  the  execution  of  OF,  denoted  by  K0, 
correspond  to  the  gains  used  to  incorporate  the  measurements  received  at  the 
particular  times. 

The  process  has  available,  at  time  t0.  an  estimate  of  existing  state  y0. 
The  process  fust  propagates  this  state  through  the  interval  At  between  t0 
and  t,  to  produce  a  predicted  state  y,  at  time  t|.  This  extrapolation  is  done 
by  the  PR  task.  The  predicted  state  y,  is  then  corrected  by  incorporating 
the  data  values  received  at  t|  using  the  existing  set  of  gains  K0  in  the  task 
labeled  MI.  The  resulting  corrected  state  y,  is  then  the  available  system  state 
at  time  t,.  This  state  will  be  propagated  and  corrected  by  another  cycle  of 
PR  and  MI  tasks  to  compute  the  state  at  *2-  The  sequence  of  these  events 
(an  MI  task  followed  by  a  PR  task)  constitutes  the  fast  loop  cycle.  The  FL 
cycle  is  repeated  every  At  seconds  throughout  the  execution  of  the  OF 
cycle. 


TABLE  4  INSTRUCTION  TIMES 


Imtmction  Type 

An  tli  1 1  idle' 

Ad  d/s  uht  i  act 
Multiply 
Divide 
Compare 
Shift  (left/n^it 
arithmetic) 

Absolute  value 

Inc  remen  t/dec  remen  t 

Clear 

Dtgical 
Set  I  's/O’s 
corresponding 
Compare  I  ’s/Os 
corresponding 
Exclusive  OR 
OR/AND  (immediate ) 
Shift  (logical/circular) 
Swap  by  tes 

Program  control 
Move 
Jump 
Branch 
Return 
Load 
Store 

Input/output 
Single  bit 
Multiple  bit 


Execution  Times 
(microseconds) 
Minimum  Maximum 


4.67 

10.00 

1 7.33 

20.00 

30.67 

44.00 

4.67 

10.00 

4.67 

17.33 

4.00 

7.33 

3.33 

6.00 

3.33 

6.00 

4.67 

10.00 

4.67 

7.33 

4.67 

7.33 

4.67 

4.67 

4.67 

17.33 

3.33 

6.00 

4.67 

10.00 

3.33 

3.33 

2.67 

5.33 

4.67 

4.67 

4.00 

4.00 

2.67 

2.67 

4.00 

4.00 

7.33 

22.67 

In  each  of  the  fast  loops,  the  system  is  using  the  most  recent  set  of 
gains  available  to  incorporate  the  measurements.  However,  processor 

execution  load  prevents  the  system  from  computing  a  new  set  of  optimal  gains  for  incorporating  each  received  measurement  in  real 
time.  Instead,  the  process  executes  two  filtering  subtasks,  in  parallel  with  the  execution  of  the  fast  loops,  to  create  a  new  set  of 
gains.  The  execution  of  these  two  filtering  subtasks  constitutes  the  slow  loop  cycle.  Each  slow  loop  is  computationally  equivalent  to 
the  optimal  filter  task. 


The  combination  of  the  two  subtasks  which  produces  the  new  set  of  gains  constitutes  the  Stage  I  filter  followed  by  thc  Stage 
II  filter.  The  two  stages  are  serially  executed. 


Initially,  the  Stage  I  filter  uses  the  state  Zj  =  y0  at  time  t0,  the  receiver  data  at  t0,  and  the  predicted  covariance  estimate  M0. 
Thereafter,  the  Stage  I  filter  uses  as  starting  values  the  output  of  the  previous  Stage  II  subtask  and  the  last  (current)  output  of  thc 
FL  cycle.  The  Stage  I  filter  takes  the  above  information  to  compute  a  Stage  I  set  of  gains  and  updates  the  state  covariance  matrix 
and  the  system  states.  The  resulting  covariance  P,  and  state  vector  x,  are  based  upon  thc  user-to-transmitter  geometry  at  time  t0 
(or.  in  general,  at  time  t*).  During  thc  final  step  of  the  Stage  I  filter  cycle,  the  system  error  state  covariance  and  state  are 

propagated  forward  at  time  At,  producing  the  matrix  P,  and  the  state  vector  x,  which  are  valid  for  time  t,. 

Upon  completion  of  Stage  1,  the  Stage  II  filter  subtask  begins.  Input  data  for  Stage  II  is  the  Stage  I  output  P|  and  x(,  plus 
the  observed  data  pM  and  ApM ,  valid  ior  time  t,.  The  filter  processes  this  information  to  produce  a  Stage  II  set  of  gains  and  to 
update  the  state  covariance.  Note  that,  during  the  next  SL  filter  cycle,  the  FL  filter  cycle  will  use  these  same  optimal  gains  to 
incorporate  measurements  while  yet  another  set  of  optimal  gains  is  being  created.  The  Stage  II  subtask  is  completed  with  the 

forward  propagation  of  the  state  covariance  over  a  time  At;  thus,  the  state  covariance  P2 ,  valid  for  time  t*.  is  generated.  This  last 

value  of  thc  covariance  P2  becomes  the  a  priori  covariance  for  the  next  SL  filter  cycle.  The  existing  filter  state  is  not  propagated  to 

time  t*.  Instead,  the  a  priori  state  vector  z*  is  set  equal  to  y*  which  is  the  output  from  the  FL  cycle  at  time  t*  At. 

Thus,  the  fast  loop  consists  of  one  execution  of  the  Ml  task  followed  by  one  execution  of  the  PR  task  using  the  best  estimate 
of  gains.  The  slow  loop  consists  of  one  execution  of  the  Stage  1  subtask  followed  by  one  execution  of  the  Stage  II  subtask  to 
produce  the  final  optimal  gains  and  system  statistics.  Stage  1  operates  on  the  measurement  and  predicted  state  at  time  t0  (or  t*) 

and  the  covariance  estimate  from  the  last  Stage  II  to  produce  an  updated  covariance  valid  at  time  t(.  Stage  II  operates  on  the 

measurements  at  time  t,.  the  predicted  state  at  t,.  and  thc  covariance  derived  from  the  execution  of  the  preceding  Stage  I. 

Thc  result  of  this  process  is  an  estimate  of  current  system  state  based  on  more  measurements  than  could  be  used  if  optimal 
filtering  were  used  on-line.  The  estimate  is  more  accurate  than  that  obtainable  from  a  single  measurement  incorporation  during  an 
optimal  filter  loop,  or  from  simple  data  preaveraging. 

For  the  MVUF  sequential  processing,  the  same  philosophy  as  outlined  above  is  followed  with  the  exception  that  the  Stage  II 
filtering  procedure  is  not  present.  At  each  fast  loop,  the  measurements  from  only  one  satellite  are  processed.  Thus,  for  four 
satellites,  the  fast  loop  is  activated  four  times  before  completing  one  execution  of  the  slow  loop.  During  the  execution  of  each  slow 
loop,  the  pains  and  the  error  state  covariance  for  only  one  satellite  are  updated.  Therefore,  it  takes  four  executions  of  the  slow  loop 
to  update  the  gains  and  covariance  for  all  four  satellites. 
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I  ABU  5  TYPICAL  STATISTICAL  VALUES 
OF  IMF  EMKOKS  FOR  SIMULTANEOUS  PROCI  SSINC 
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TYPICAL  STATISTICAL  VALUES  OF  HIE 

*  RRORS  FOR  SEQUENTIAL  PROCESSING 
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TABU:  7.  MAJOR  MVUE  I'll  ARAITtRISIK  S 


Size 

24.000  cubic 

Weight 

Mapu  system  outputs. 

Present  position  (MC.RS  or  latitude/longitude) 

Range  and  hearing  to  any  of  8  waypoints 

Time  of  day  (day  of  week,  houra-minutes-aeconds) 
Battery  life  (with  NiCad  BB5R0) 

15  kilogtams 

Continuous  mode 

2  hours 

Periodic  (4  fixes/hour) 

b  hours 

Stationary  user  CEP 

1 5  meters 

Dynamic  user  CEP (25  meters/second  maximum 
velcvity,  6  meters/second*  acceleration) 

50  meters 

Receiver  contribution  to  range  accuracy  (1  o) 

C/No  thresholds  (including  jamming  effects) 

1  .(>4  meters 

Acquisition 

44  dB-H/ 

Accurate  navigation 

44  dB-ll/ 

Carrier/code  track 

40  dB-ll/ 

I<  1 1 


Figure  10.  Schematic  Representation  of  the  Navigation  Filter  Structure 


B.  Simulation  Results 

Tables  5  and  b  present  typical  statistics  of  the  errors  resulting  from  implementation  of  the  previously  discussed  filtering 
schemes,  both  simultaneous  and  sequential.  Table  5  presents  the  results  of  an  1-4  aircraft  trajectory  for  260  seconds  of  flight  time. 
Hie  satellite  constellation  is  typical  for  (IPS.  As  noted,  these  numbers  may  vary  with  the  changes  in  the  satellite  constellation, 
trajectory,  and  measurement  errors.  Table  b  presents  the  results  for  a  truck  path  at  Yuma  Proving  (Irounds.  The  simulation  time  is 
about  3.000  seconds.  The  satellite  constellation  and  errors  are  the  same  as  in  Table  5.  Again,  it  is  noted  that  these  results  may 
change  as  the  various  error  parameters  and  satellite  constellations  change.  Details  on  the  above  simulation  results  are  given  in 
References  1  through  3. 

VI.  MVUE 

The  MVUE  set  consists  of  a  single-channel  sequencing  receiver  with  its  associated  control/navigation  data  processor.  A  block 
diagram  of  this  set  is  shown  in  Figure  1 1.  The  MVUE  major  characteristics  are  listed  in  Table  7. 

The  MVUE  set  sequences  between  satellites  every  2  seconds.  The  major  space  vehicle  (SV)  selection,  acquisition,  and  tracking 
processes  are  shown  in  Table  8.  The  MVUE  tracks  both  L,  and  1  ;  satellite  frequencies  and  uses  both  ('/A  and  P  codes  during  the 
acquisition  process.  Navigation  calculations  are  made  using  an  eight-state  Kalman  filter. 

Input  initialization  data  (approximate  position  and  time)  are  entered  by  means  of  a  hand-held  control/display  unit  ((  DU) 
calculator-type  keyboard.  Output  data  are  displayed  on  the  LED  display.  Various  outputs  available  from  the  MVUE  set  are  shown 
in  Table  9. 

A  number  of  advanced  component  technologies  are  used  in  the  MVUE  set  to  reduce  size,  weight,  and  power.  These  include 
miniature  volute  antenna,  surface  acoustic  wave  (SAW)  bandpass  filters,  custom  large-scale  integration  (1  SI)  digital  circuits  for  code 
generation,  an  integrated  injection  logic  (IaL)  lb-bit  microprocessor,  and  hybrid  Rl  circuits. 

The  MVUE  set  can  operate  from  rechargeable  or  primary  batteries  (24  Vdc)  or  vehicle  generator  power.  In  the  vehicle 
operation  mode,  a  separate  antenna/preamplifier  is  provided  in  a  vehicle  installation  kit. 

VII.  HDUE 

The  HDUE  set  consists  ot  four  major  line  replaceable  units  (l  RUs).  They  are  the  receiver,  data  processor,  ac  dc  converter  and 
(  I)U.  Pie  receiver  LRU  is  composed  of  five  continuous  tracking  receiver  channels  and  a  receiver  controller  processor.  An  existing 
antenna/preumplitier  will  he  used  lor  tests.  Pie  data  processor  l  RU  consists  of  the  master  state  controller  and  the  navigation 
processor.  All  (IPS  controller/ processors  are  designed  around  the  SBP  9900  microprocessor.  The  CPU  has  a  calculator-type 
keyboard  and  an  incandescent  light  alphanumeric  display.  A  block  diagram  of  this  set  is  shown  in  Figure  12.  Mqior  characteristics 
of  the  IIDUE  are  presented  in  Table  10.  The  HDUE  major  modes  of  operation  are  shown  in  Figure  13 
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Knurr  II  MVUF  LRU  Functional  Block  Diagram 


I  SBI  T  S  SV  SFLFCTION.  M  Ql>ISI I ION.  AND  TRACKING  PROCFSSTS 


1  ABI I  o  MVUF  OUTPU1S 


SV  Selection 

Check  every  2  minutes 
luck  longei  to  mtmmi/e  changes 
l  it  patahola  to  orbit  lot  navigation 
I- nst  SV  Acquisition 
Highest  SV  I'lisl 

-S  kilonieiets,  H)  seconds,  and  almanac  re  quite  two  lull  dopplci  bins 
l’  A  “sequential"  search 
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Brr  synchroni/atnm 
Frame  aiul  HOW  synchtoni/ation 
Reset  time  loO  I  millisecond 
C  A  to  P  while  still  recovering  data 
Recovei  cl»*ck  and  ep  Ik  mens  data 
Measure  pseudoiange  and  delta  range  tor  navigation 
Subsequent  SV  acquisition 

2*  kilometers.  0.1  millisecond,  and  almanac  rcqimc  one  dopplci  bin 
b00  C  A  chip  "seqiKnti.il"  seaich 
1 2  seconds  during  subframes  4  and  5 
C  A  to  P  while  still  recovering  data 
Recovei  clock  and  ephemens  data 
Measure  pseudoiangr  and  delta  range  for  navigation 
Tracking 

C  A  icacquisition  to  unpiove  aiding 
P  reacquisition  every 
Track  m  deterministic  sequence 
CaitKi  /code  track 

Measurements  tor  navigation 
Accurate  navigation 
Ionospheric  correction 
Data  refresh 
Mew  SV  acquisition 


Position 

Output 

Ctioid  mates 
kind 

(•cogtaphical 
Hilling  Options 
Automatic  mode 
Manual  nunle 
Tune  to  tii  si  t\\  mode 
Cold  stai  i 
W'aun  stall 
Duect  handovei 
IV nod K  nunle 


Additional 

(fcitputs 

Time 

Altitude 

CFI* 

PI 

Numbei  ot  SV 
Wayptunl 
Position 

Range  and  beanng 
Audio  digital  (digital 
menage  device) 
Instiuinemalion 
Duect  hamlovci 


I  ABI  F  10  HIH'F  MAK)R  CHAR  AC  WRIST  tCS 


Range  measiiiemeni  accutacy 

(JS  -40  40  dM 

Coatse(C  A  crate) 

I  me  (Pcoilr) 

Restilimg  position  accutacy 
Hott/ontal 
VetlK'al 

Intrinsic  maintainability  design 
I  RC  replacement 
SRC  i r placement 


I  *>  meleis  (to) 

I  s  HKteis  (lo) 

10  meters  (Cl  p) 

10  meleis  (PI  ) 

'  minutes 
10  minutes 
20  minutes  maximum 
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USER  EQUIPMENT 

Figure  12.  High  Dynamic  User  Equipment  Block  Diagram 


Figure  M  HDUE  Major  Modes  of  Operation 


The  HDUI  set  tracks  four  satellite's  continuously  using  four  receiver  channels.  The  fifth  receiver  channel  is  used  for  SV 
acquisition.  l.j/Lj  ionospheric  correction  measurement,  and  reading  of  data.  The  HDUI-  tracks  both  L|  and  L}  satellite  frequencies 
and  use's  both  C  A  and  P  codes  during  the  acquisition  process.  Navigation  calculations  ate  made  using  an  1 1-state  Kalman  filter. 


The  HDUI  set  can  handle  two  antenna  inputs  (inverted  range'  or  satellite  antenna)  and  switch  any  of  these  two  inputs  to  any 
one  of  the  five  receiver  channels  (2X5  matrix  switch).  Input  initialization  data  (position  and  time)  are  entered  by  means  of  the 
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key  hoard  on  the  CIMJ.  Output  .lata  (position,  velocity,  time,  etc.) 
common  modules  arc  used  in  the  ItlH'l  as  arc  used  m  the  MVl  l 
language 


an*  displayed  on  (he  C'lU1.  I  he  same  n'eeiver  and  processor 
Soil  wan*  is  programmed  in  both  l-ortran  and  ooo  assembly 


VIII.  MBRS 


n,e  MBRS  consists  of  one  m.uor  1  Rl'  that  contains  the  receiver.  rcce.ver  coni, oiler,  data  processors.  and  power  conditioning 
'  ,or"""*  *  four-channel,  continuous-tracking  rcceiver  configuration  A  hl.vk  diagram  of  this  set  ,s  shown  |  ,„m.  14. 

I  he  maior  char.icienstics  of  the  MBRS  arc  shown  m  Vahlc  II  and  the  operational  sequence  is  shown  in  VaWe  i:  rite  MBRS 

','rc  '  nrcn  I  7" J'u  an""  l'°n'r°l  ,,n"  “«  "«c  Mmnteman  missile  All  initial  inputs  of  . . .  and  tune 

n  ‘  1:  1  .  AM  ","'’u,s  time  from  die  MBRS  arc  sent  to  the  1VV  o,  telemetn  as.se, nhli 

I  h.  MBRS  is  used  to  provide  navigation  instnimentatioir  for  postllight  test  data  evaluation  of  the  missile  trajectory. 

The  MBRS  has  unproved  fealurcs  in  the  rcce.ver  area,  l'hese  include  a  digital  oscillator  lo  track  the  increased  missde  dopplcr 
m-MiH-i.o  ami  provide  increased  position  ami  velocity  accuracy.  Also,  the  earner  tracking  loo,-  circuit, y  is  implemented  m  a  special 
vUfcw.u  priwsxoT. 

MBRS  tracks  both  1  ,  and  \ ,  satellite  lrc,|„enc,es  ami  uses  Both  l'  A  ami  I’  codes  during  the  acquisition  prcvess.  Navigation 
calculations  .in*  nude  using  an  I  l-state  Kalman  filler. 


Ihe  antenna  inputs  at  both  I,  ami  I ..  (I.O.V4:  Mil/  and  l”7.h  Mll/l  frequencies.  11, e  missile  .'Side 
regulated  and  conditioned  for  use  in  the  MHKS. 


prune  power  is 
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All  t h ree  GPS  Phase  I  user  sets  use  common  receiver/processor 
modules  to  the  maximum  extent  possible.  The  extent  of  module  com¬ 
monality  between  sets  is  shown  by  the  module  comparisons  listed  in 
Table  13.  Unique  modules  were  designed  to  cover  the  individual 
differences  and  special  requirements  of  each  GPS  set.  These  unique 
modules  are  listed  in  Table  14.  The  greater  use  of  common  modules  will 
increase  the  total  production  volume  for  each  module  and.  hence,  drive 
module  cost  down.  Maximum  use  of  standard  replaceable  modules  will 
continue  in  the  next  generation  of  GPS  user  equipment. 


TABLE  12  MBRS  FUNCTIONAL  OPERATIONS 


Turnon 

Self-test 

Receive  initialization  data 
Send  initialization  data 
lor  verification 

Acquire  selected  GPS  signals 


T  tack  t»PS  signals 
Read  SV  data 
Establish  position 
Send  R.  R,  T  to  telemetry 
IV r form  l-|/Lj  switching 
sequence 


TABLE  13.  PHASE  I  (iPS  COMMON  MODULE  COMPARISONS 


Number  ot  Units/Modules/C ards 

Module  Name 

HDUE 

MBRS 

MVUE 

Wideband 

5 

4 

1 

Narrowband 

10 

12 

■» 

Output 

5 

1 

Liequency  synlheswei 

5 

1 

Code  generator 

5 

4 

1 

Clock 

1 

1 

MPM 

3 

4 

1 

4K  DMM 

17 

4 

1 

I6KPMM  (MBRS  legacy) 

4 

2 

IBIM 

•> 

4 

FPAU 

-* 

FPAU 

1 

1 

FPAU 

1 

1 

FPAU 

I 

1 

FPAU 

1 

1 

FPAU 

1 

1 

CRIM 

3 

4 

1 

Receiver  test 

1 

l 

1 

Distribution 

I 

1 

TABLE  14  PHASE  I  CiPS  UNIQUE  MODULE  COMPARISONS 


Module  Name 

Number  of  Units/ModuJes/Cards 

HDUE  MBRS  MVUE 

Antenna 

2  (GFE)  1 

Filter/preamplifiers 

2 (GFE)  1  I 

Antenna  switch 

1 

CDU 

1  1 

Master  oscillator 

1  1  1 

Power  supply  (regulated) 

4  1  1 

EIOM 

1 

TACAN/clock  I/O 

IFM 

1 

SCM 

Frequency  synthesizer 

4 

Output  module 

4 

DRIM 

1 

SBIM  No.  1 

2 

SBIM  No.  2 

2 

DBEM 

1 
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ABSTRACT 


Different  receiver  configurations  are  suitable  for  applications  having 
differing  levels  of  dynamics  of  the  Host  Vehicle  and  interference  envi¬ 
ronments.  All  configurations  must  be  capable  of  accomplishing  certain 
fundamental  operations:  Satellite  selection,  signal  acquisition,  track¬ 
ing  and  measurement  and  data  recovery.  After  correction  for  propagation 
effects,  the  signal  t iroe-of-arrival  measurements  are  used  to  obtain  the 
navigation  solution.  Limits  of  performance  of  receivers  are  described. 


I.  ARCHITECTURE 

A  GPS  User  Equipment  is  comprised  of  four  principal  components:  Antenna,  Receiver,  Computer  and 
Input /Output  devices. 

The  antenna  in  most  cases  is  a  relatively  simple  element  providing  approximately  isotropic  gain  from 
the  zenith  to  the  horizon  at  one  ot  both  of  the  GPS  frequencies.  Since  the  signals  are  circularly  polar¬ 
ized,  a  conical  spiral  or  variation  thereof  is  suitable.  Where  high  performance  is  required,  particularly 
near  sources  of  interference,  a  more  elaborate  antenna  system  such  as  a  steered-beam  phased  array  or  null 
steering  adaptive  array  may  be  used.  Antenna  placement  on  the  Host  Vehicle  is  important  in  two  regards. 

There  should  be  a  clear  view  of  the  whole  sky;  shadowing  of  some  of  the  satellites  can  result  in  degraded 

performance.  A  potentially  significant  error  source  is  multipath,  particularly  of  the  stationary  sort 
produced  by  reflections  from  surfaces  near  the  antenna.  In  the  extreme,  measurement  errors  of  tens  of 
meters  on  the  P  signal  and  hundreds  of  meters  on  the  C/A  signal  can  arise  from  such  reflections.  Both 
of  these  considerations  favor  antenna  placement  at  the  highest  point  on  the  vehicle.  In  the  majority  of 
vehicles  it  is  impractical  to  locate  the  receiver  there,  and  so  a  preamplifier  must  be  used  to  drive  the 
cable  to  the  receiver  and  avoid  losses  due  to  cable  attenuation  and  interference  pick-up. 

The  primary  decision  in  the  selection  of  receiver  architecture  for  each  application  is  the  number  of 

signals  to  be  processed  simultaneously  by  the  receiver.  Each  satellite  transmits  three  signals  (C/A  and 
P  on  the  LI  frequency  and  P  on  the  L2  frequency)  and  in  the  fully  deployed  system  there  will  be  as  many 
as  eleven  satellites  in  view  at  a  time.  While  a  thirty-three  channel  receiver  capable  of  tracking  and 
measuring  all  of  these  signals  simultaneously  might  be  useful  for  a  monitor  station,  users  can  obtain 
nearly  optimum  performance  with  one  to  five  channels.  The  minimum  receiver  provides  only  a  single  channel 
capable  of  recovering  one  C/A  signal  at  a  time.  More  elaborate  receivers  process  five  signals  at  once, 
where  each  may  be  chosen  to  be  a  C/A  or  a  P  signal  on  the  LI  frequency  or  a  P  signal  on  the  L2  frequency. 
The  number  of  channels  and  elaborateness  of  the  receiver  structure  is  primarily  dependent  upon  the  maneu¬ 
verability  of  the  Host  Vehicles  and  secondarily  upon  the  accuracy  and  interference  resistance  required. 

A  computer  is  a  necessary  part  of  a  GPS  User  Equipment.  In  ground  based  radio  navigation  systems 

(LORAN,  VORTAC,  OMEGA)  after  making  the  signal  measurements,  the  navigation  computation  may  be  completed 

manually  using  charts  overprinted  with  lines  of  position  corresponding  to  measured  values  of  phase  or 
time  difference.  This  is  not  the  case  for  satellite-based  navigation  systems:  The  charts  would  have  to 
be  reprinted  every  millisecond.  Sets  thus  far  publicly  described  have  used  one  or  a  few  16-bit  mini¬ 
computers  . 

Of  interest  is  the  division  of  functions  between  the  receiver  and  the  computer.  Such  functions  as 
carrier  tracking  loop  filtering  and  data  bit  detection  have  been  accomplished  sometimes  in  the  receiver, 

sometimes  in  the  computer.  It  has  been  seriously  suggested  that  the  signal  be  sampled  and  quantized 

prior  to  correlation  and  that  all  subsequent  processing  be  accomplished  in  a  high  speed  computer.  Computer 
functions  always  include  control  of  the  receiver,  selection  of  satellites  and  signals  to  be  utilized, 
correction  of  measurements  for  propagation  effects,  computation  of  position  and  velocity  in  the  desired 
coordinate  system  and  communication  with  other  systems  and  the  operator  through  the  Input/Output  devices. 
Typically,  programs  for  the  GPS  user  computer  are  of  the  order  of  30,000  words  in  length. 

Input/Output  devices  are  as  widely  varied  as  the  applications  of  GPS.  When  operated  by  a  human 
operator,  compact  keyboards  and  alphanumeric  displays  provide  the  interface.  GPS  sets  can  drive  cockpit 
instruments  or  generate  data  link  messages  for  position  reporting  by  radio.  The  GPS  set  does  require 
certain  information  to  facilitate  start-up:  Approximate  satellite  and  Host  Vehicle  locations  and  time. 
Various  methods  of  introducing  this  data  svich  as  keyboards,  cassettes,  radio  links  or  data  busses  may  be 
used.  If  antenna  beam  steering  is  to  be  accomplished,  or  the  location  of  a  point  on  the  vehicle  other 
than  the  GPS  antenna  is  desired,  then  attitude  information  must  be  fed  to  the  set.  Although  the  GPS  set 
produces  elevation  above  a  geodetic  reference  as  an  output  under  normal  operating  conditions,  it  is  con¬ 
sidered  useful  to  provide  barometric  altitude  as  an  input  to  assist  in  obtaining  the  first  fix  and  to 
provide  extra  information  should  satellites  become  unavailable  due  to  shadowing  or  other  temporary  outages. 


io : 

Ihr  Sot",  shown  in  Figure  1.  provides  a  current  example  of  a  nourlv  minimal  Cl’S  User  Receiver 
suitable  tor  non  ctvnbat  militarv  aircraft .  Unit  manufacturing  cost  in  small  scale  production  is  about 
$  IS, 000.  Ihis  set  utilizes  onl>  the  C  A  signals  on  the  II  frequenev  to  provide  position  accuracies 

superior  to  all  existing  medium  and  long  range  radio  or  inertial  navigation  s\ stems. 

Hie  mu  Kir  modules  of  this  set  are  indicated  in  Figure  The  antenna  preamplifier  unit  is  best 

located  either  in  a  tail  cap  or  on  the  top  of  the  fuselage,  just  aft  of  the  cockpit.  Ihe  preamplifier 
incorporates  pre  selection  filters  and  about  JO  dH  of  gain  at  the  11  frequence ,  IS"S  Ml..  Ihe  overall 
noise  tigure  is  about  I  dH  The  receiver  processor  unit  may  be  located  in  am  convenient  place.  Ihe 
reference  oscillator  is  a  good  qualitv  crystal  oscillator  in  an  oven,  with  particular  care  to  minimize 
sensitivitv  to  vibration  since  phase  noise  and  short  term  drift  can  adverselv  affect  performance.  From 
this  oscillator  are  synthesized  the  several  local  oscillator  frequencies  required  by  the  receiver  and  the 
basic  time  pulses  to  be  counted  b\  the  User  lime  I'lock  (UTl’)  module.  This  count  is  the  time  reference 
against  which  the  signal  arrival  times  are  noted.  In  the  RF-U  module,  the  signal  is  further  filtered, 
amplified  and  translated  down  in  frequence  In  part,  the  translation  is  dete mined  In  a  voltage  con 
trolled  oscillator  which  i>  driven  In  tracking  loops  in  the  baseband  module  to  offset  the  doppler  shift. 
This  Vl*0  frequenev,  suitablv  scaled  for  the  ratio  of  the  l\\A  code  rate  to  the  1  band  carrier  frequency, 
also  contributes  to  the  synthesis  ot  the  clock  which  drives  the  C.'A  coder.  This  is  done  in  such  a  wav 
that  if  the  receiver  is  phase  or  frequenev  locked  to  the  l  band  carrier,  the  A  coder  clock  will  be 
correct  n  frequenev ,  requiring  only  a  correct  initial  phasing  to  the  incoming  signal  to  remain  aligned 
with  it  thereafter.  The  baseband  module  contains  the  detector  circuits  for  carrier  frequenev,  phase  and 
v  V  code  error  sensing  as  well  as  power  detection  ciivuitrv  for  recognizing  initial  alignment  and  a  data 
dcaodulat or .  Upon  the  occurrence  of  certain  events  in  the  l‘  V  code  generator,  the  IHV  time  count  is 
strobed  and  transferred  to  the  computer  via  an  1  0  moduli*.  The  l  0  modules  contain  various  buffers, 
drivers  and  handshaking  logic  needed  to  process  the  digital  signals  into  and  out  of  the  computer.  The 
computer  is  comprised  of  four  modules  \  vTU  and  three  memory  modules.  This  iTU  is  designed  around  the 
I  si  11  . ential  processor,  but  is  augmented  bevond  that  well  known  computer  bv  the  addition  of  micropro 
g rammed  instructions  to  facilitate  high  precision  floating  point  comput at  ions .  Through  an  interface 
module,  this  set  can  accept  a  digital  ..Itimeler  reading,  drive  cockpit  instruments  or  provide  information 
t o  other  navigation  equipments. 

II.  Sr\RIlNi;  OPIRATIOVS 

Ihe  first  operat ing  function  is  the  selection  of  the  satellites  to  be  used  in  the  navigation  solution. 
Fundament al l y ,  the  set  is  to  determine  the  values  of  four  unknowns  Three  position  coordinates  and  time. 
Accordingly,  four  measurements  will  be  needed,  usual lv  the  tune  of  arrival  of  signals  from  four  different 
satellites  In  some  situations,  as  when  altitude  or  time  is  yen  accuratelv  known,  fewer  measurements 
will  suf  f  u  e . 

Yhe  set  must  be  provided  with  Information  regarding  the  locat ion  of  each  of  the  satellites  as  a 
function  of  time.  For  the  purposes  of  selection  and  signal  acquisition,  this  "almanac"  need  be  accurate 
onlv  to  a  few  kilometers,  and  it  is  estimated  that  almanacs  will  be  usable  for  a  week  or  more,  so  that  a 
set  which  is  regularlv  used  can  retain  the  almanac  in  a  nonvolatile  memory  from  one  usage  to  the  next. 

I  ach  satellite  transmits  the  current  almanac  as  part  of  the  navig.it  ion  data  message,  allowing  users  to 
update  their  stored  almanac.  For  a  tmlv  cold  start  in  which  the  set  does  not  contain  a  valid  almanac, 
t w v *  approaches  are  possible.  The  almanac  mav  be  transferred  from  an  active  UPS  receiver  via  data  link, 
cassette  or  the  manual  keyboard.  Alternatively,  a  "search  the  skv"  approach  mav  be  used  in  which  the  set 
simply  tries  tv*  acquire  the  l'  A  signal  of  each  satellite  in  turn,  without  prior  knowledge  of  satellite 
visibility  or  doppler.  Ihiless  the  receiver  includes  a  matched  filter  for  expediting  the  synchroni :at ion 
process,  the  search  the  skv  process  can  take  mam  minutes  to  complete. 

When  provided  with  a  valid  almanac,  an  approximate  knowledge  of  its  own  position  and  t line  of  dav ,  the 
computer  can  execute  a  satellite  selection  algorithm.  To  minimize  the  sensitivitv  of  the  position  solution 
to  measurement  errors,  the  satellites  as  viewed  from  the  user  should  have  the  largest  possible  angular 
separations.  After  excluding  those  satellites  which  are  or  soon  will  be,  below  the  horizon,  subsets  of 
four  can  be  tested  for  angular  separation.  Other  criteria  mav  also  be  introduced  m  the  selection  pro¬ 
cess  such  as  satellite  signal  quality  or  avoidance  of  the  use  of  low  elevation  satellites  whose  ohserva 
tion  is  most  subject  to  propagation  error  sources.  Subsequent  to  the  selection  of  the  initial  subset  of 
satellites,  or  "constellation",  the  selection  should  be  reviewed  every  few  minutes  and  revised  when 
necessary  to  maintain  minimum  navigation  error  as  the  geometry  of  the  constellation  changes. 

The  next  quest  ion  is  the  acquisition  of  the  signals  from  the  selected  satellites.  The  normal  method 
of  signal  acquisition  is  to  synchronize  to  the  C  A  signal  and  then,  when  necessary,  transfer  to  the  P. 

The  computer  must  designate  to  the  receiver  not  only  the  satellite  to  be  acquired,  but  also  an  estimate  of 
the  expected  doppler  shift  on  the  signal.  This  is  useful  because  the  doppler  range  of  ♦S  KHz  (for  a  •'low 
moving  user)  is  so  large  that  the  signal  to-noise  ratio  in  the  corresponding  bandwidth  is  less  than  unitv. 
Under  this  condition,  it  is  more  effective  to  subdivide  the  frequenev  uncertainty  and  search  sequentially, 
thus  an  estimate  of  doppler  can  significantly  reduce  search  time.  The  usual  method  is  to  correlate  the 
incoming  signal  against  a  local  replica  consisting  of  the  chosen  U/A  sequence  modulated  on  the  receiver 
local  oscillator.  The  time  phasing  of  the  C  A  sequence  is  varied  slowlv  until  the  post  correl.it  ion  power 
exhibits  a  rise  above  that  which  might  be  attributable  to  noise  alone. 

Having  est  tMished  synchroni zat ion  of  the  pseudonoise  sequences,  tracking  is  begun  in  both  code 
sequence  timing  .nd  carrier  phase.  Once  the  tracking  loops  pull  in,  the  data  format  features  ibit  edges, 
word  starts,  subframe  starts  and  Z  counts)  may  be  recognized  to  provide  unambiguous  t ime-of  arrival  and 
time  of-dav  indication.  While  the  almanac  is  suff icient lv  accurate  for  acquisition,  much  more  accurate 
information  on  satellite  position  and  the  offsets  of  its  clock  is  needed  to  achieve  the  desired  navigation 
accuracy.  These  data,  called  the  ephemeris,  are  contained  in  about  twenty  J4  bit  words  which  aiv  part  of 
the  data  format  transmitted  bv  each  satellite.  Having  recognized  the  format  identifiers,  the  ephemeris 
can  be  recovered.  Although  the  t*  parity  checks  accompanying  each  of  the  21  bit  words  provide  sufficient 
redundancy  for  error  correction,  it  is  advisable  to  use  the  redundancy  for  error  detection  only,  thereby 


obtaining  extremely  high  confidence  that  erroneous  ephemeris  will  not  he  accepted  into  the  data  base  for 
the  navigation  solution. 

111.  Ml  VSIIR1  Ml  NTS 


The  prinan  measurements  made  b>  a  T.PS  receiver  are  the  times  of  arrival  of  the  satellite  generated 
signals.  Arrival  time  is  measured  with  respect  to  the  receiver  clock  which  is  a  stable  oscillator  and 
counter.  The  time  and  freqi lencv  offsets  of  this  clock  from  ('.PS  system  time  and  true  frequency  are  not 
critical,  since  these  will  be  determined  from  the  navigation  solution.  Of  considerable  importance  is  the 
stability  of  the  oscillator,  particularly  in  receivers  which  observe  the  signals  sequentially. 

Signal  to  noise  cons iderat ions  preclude  direct  measurement  of  t  lie  arrival  time  of  a  particular  PN 
code  element  edge  \  replica  PN  sequence  generator  is  caused  to  run  in  phase  with  the  modulation  of  the 
incoming  signal  by  a  tracking  loop.  Simultaneousli  or  alternately,  the  powers  recovered  b>  correlation  of 
the  incoming  signal  against  slightly  advanced  and  delaved  versions  of  the  local  replica  are  compared  to 
provide  the  tracking  error  indication.  The  arrival  time  ma>  then  be  observed  bv  comparing  the  replica  code 
timing  with  the  receiver  clock  timing.  hither  the  clock  time  can  be  observed  upon  the  occurrence  of  cer 
tain  events  of  the  replica  (such  as  the  first  PN  edge  of  a  data  word!  or  the  phase  of  the  replica  relative 
to  a  hypothetical  replica  driven  b\  the  receiver  clock  can  be  observed  at  certain  events  of  the  receiver 
clock,  such  as  l  second  ticks.  While  substantially  equivalent,  there  are  significant  hardware  and  compu¬ 
tational  differences  between  the  two  schemes.  Vhe  first  technique  appears  to  be  slight 1\  more  economical 
for  smgle  channel  receivers,  the  second  technique  is  preferrable  for  multi  channel  or  aided  receivers. 

These  measurements,  loosely  called  pseudoranges ,  must  be  adjusted  for  propagation  effects.  The  dom¬ 
inant  departure  from  a  simple  free  space  propagation  model  is  the  additional  signal  group  delay  due  to  the 
passage  of  the  signal  through  the  ionosphere.  At  the  present  state  of  knowledge,  simple  prediction  models 
of  the  ionosphere  do  not  vield  verv  accurate  results  ten  or  twentv  meters  error  under  adverse  conditions. 
There  is  some  hope  that  improved  knowledge,  obtained  in  the  next  few  vears  from  (IPS  itself,  will  give  rise 
to  an  improved  prediction  technique.  The  additional  delay  in  traversing  the  ionosphere  is  best  estimated 
b>  observing  the  difference  in  arrival  time  of  the  P  signals  on  the  11  and  l.J  frequencies.  Since  along  a 
given  path  through  the  ionosphere  at  a  given  time  the  group  delav  varies  inversely  as  the  square  of  the 
carrier  frequency,  the  two  frequency  observations  suffice  to  determine  the  proportionality  factor.  The 
delay  changes  rather  slowlv,  at  most  about  a  nanosecond  per  minute,  so  that  onl>  occasional  dual  frequency 
observations  are  required.  Because  two  measurements  are  needed  to  compute  the  delay  correction  and  the 
two  frequencies  are  close,  there  is  a  magnification  of  measurement  noise  in  obtaining  the  correction,  and 
so  some  filtering  of  this  measurement  is  desirable.  Tropospheric  delav  also  requires  correction.  The  use 
of  a  simple  altitude  and  elevation  angle  dependent  model  is  sufficient  to  reduce  the  error  to  negligible 
levels,  while  there  are  some  techniques  for  avoidance  of  multipath  effects  and  for  recognition  that  a 
reflected  signal  rather  than  the  direct  signal  is  being  tracked,  in  those  cases  when  the  multipath  signal 
i s  within  l  or  l  l  2  P\  chips  of  the  direct  signal  there  is  no  practical  way  to  correct  the  resulting 
erroneous  measurement . 

The  satellite  clock  error  (from  system  or  universal  time)  is  monitored  and  modeled  by  the  Control 
Segment,  t'oef f ic ients  for  a  correction  computation  are  sent  to  each  satellite  for  subsequent  retrans¬ 
mission  tv'  the  users.  Thus,  the  raw  pseudorange  measurements  are  compensated  for  ionosphere  and  t ropo 
sphere  effects  and  then  for  satellite  clock  offsets  prior  to  beginning  the  position  computation. 

In  some  sets  incremental  as  well  as  whole  values  of  pseudorange  are  measured.  When  signal -to-noise 
rat  10s  permit  phase  locked  tracking  of  the  received  carriers,  it  is  possible  to  count  beats  of  the  differ 
e  •  e  frequency  between  each  received  carrier  and  a  hypothetical  carrier  synthesized  from  the  receiver's 
frequency  standard.  While  this  sort  of  observat ion  is  sometimes  called  a  doppler  measurement,  it  is  really 
a  differential  pseudorange  measurement  in  which  the  change  in  pseudorange  from  the  start  to  the  end  of  the 
counting  interval  is  observable  with  accuracy  and  resolution  of  a  fraction  of  a  carrier  wavelength.  These 
measurements  are  useful  when  a  fast  velocity  measurement  is  wanted,  or  in  integrated  i'.PS  inertial  systems 
or  in  single  channel  sets  for  dead  reckoning  between  pseudorange  observations  of  each  signal. 

I\.  POSITION  I'PMPirTATlPN 

The  position  of  the  satellite  is  computed  from  the  ephemeris  parameters  received  from  the  satellite. 
The  parameters  appear  to  describe  a  keplerian  ellipse  with  some  correction  terms  for  oblateness  of  the 
earth  and  rotation  of  the  orbit  plane.  To  have  a  complete  analytical  expression  for  a  whole  .rbit  to  the 
desired  accuracy  (better  than  1  meter)  would  take  far  more  parameters  and  impose  a  huge  computational  load 
on  the  users.  The  transmitted  parameters,  precomputed  bv  the  Control  Segment,  are  actually  a  best  fit  of 
the  corrected  ellipse  to  the  true  orbit  which  meets  t  u  desired  accuracy  over  one  hour.  When  a  satellite 
is  f i r^t  acquired,  this  data  is  collected.  In  the  event  that  that  satellite  remains  in  the  constel lat ion 
for  more  than  sixty  or  ninety  minutes,  a  new  ephemeris  should  be  collected.  At  each  time  of  pseudorange 
measurement,  the  corresponding  position  of  the  satellite  is  computed  In  inserting  the  value  of  time  in  the 
equat ions  of  the  corrected  ellipse  and  converting  to  a  more  convenient  coordinate  system.  Tor  most  pur¬ 
poses.  we  prefer  a  Cartesian  earth  centered,  earth  fixed  coordinate  frame  for  performing  the  basic  position 
so lut ion . 


At  this  point,  in  the  simplest  case,  we  have  four  unknowns  (three  coordinates  of  user  position  and 
user  clock  time  offset)  and  four  equations  each  involving  the  measured,  compensated  pseudorange  (the  scalar 
distance  of  user  to  the  satellite  plus  the  clock  bias)  all  units  adjusted  to  meters.  The  equations  are 
non-linear,  but  capable  of  solution  bv  any  of  a  number  ot  techniques  suitable  for  computer  execution. 

Usually,  and  always  to  some  advantage,  a  more  so,  isticated  viewpoint  is  taken  which  allows  for  util 
i:ation  of  additional  (or  fewer)  inputs  and  thereby  improving  the  solution  in  terms  of  accuracy  or  veil 
ability  under  unfavorable  conditions.  Ivon  in  the  absence  of  external  inputs  there  is  a  benefit  to  be 
obtained  if  the  CPS  user  clock  is  stable.  If,  after  a  few  of  the  four  equation  solutions  it  become  possi 
’  le  to  predict  what  the  time  offset  of  the  user  clock  will  be,  the  number  of  unknowns  is  reduced  to  three. 


L  k 
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It'  four  •easurearnts  are  still  available,  the  redundant  measurement  can  be  used  to  improve  the  accuracy  of 
the  solution.  Alternatively,  the  fourth  measurement  could  be  sacrificed  to  allow  the  associated  hardware 
l in  a  multichannel  receiver)  or  time  (in  a  sequential  receiver)  to  be  used  for  other  purposes  such  as  dual 
frequency  measurements  or  acquiring  a  new  satellite  when  the  constellation  is  to  be  revised.  Ilie  loss  of 
the  fourth  measurement  mav  be  inadvertent,  as  when  the  wingtip  of  a  banking  aircraft  is  shadowing  a  satellite 

rhe  usual  formulation  is  to  make  the  position  solution  part  of  a  kalman  filtering  operation.  The 
user  state  vector  might  useful lv  contain  nine  terms  (give  or  take  a  few)  such  as  the  three  position  coordin¬ 
ates,  the  three  components  of  velocity,  clock  time  offset,  clock  frequency  offset  and  altitude.  The  obser 
vat  ion  vector  might  include  pseudoranges,  differential  pseudoi anges ,  altimeter  and  other  air  data,  accel¬ 
erometer  outputs,  or  position  indications  from  other  navigation  systems. 

NAVllIATlON  CUMIHfTATlON  AND  OiriTl/TS 

User  position  in  Cartesian  earth  centered  coordinates  is  rarely  the  acceptable  end  product.  I'ach 
application  has  its  own  preferences.  Latitude,  longitude,  and  MSI.  altitude  for  position  is  coramonlv 
desired,  but  sometimes  easting  and  northing  in  the  military  grid  reference  system  is  demanded.  For  navi¬ 
gation,  the  preference  is  often  for  steering  instructions  to  a  specified  destination  in  terms  of  range  and 
bearing  or  crosstrack  error  and  time  to  go  or  other  forms  All  of  these  involve  additional  computat ion 
and  program,  parameter  and  data  storage  but  contribute  greatly  to  the  utility  of  the  set. 

rhe  form  of  outputs  is  also  application  dependent  Alphanumeric  displays  in  incandescent,  LI  1'  or  LCD 
form  is  often  adequate.  In  survey  work,  hard  copy  is  desired.  In  airborne  use,  the  choice  may  be  for 
moving  needle  indicators.  For  aircraft  and  ships,  automatic  position  reporting  via  digital  data  link  is  a 
likely  future  requirement.  j 

V l .  ACCURACY 

In  CDS  there  are  mam  error  sources,  some  of  which  are  difficult  to  characterize  and  simple  one- 
figure  accuracy  statements  must  be  carefully  interpreted. 

From  the  Space  and  Control  Segments  come  satellite  position  uncertainties  and  satellite  clock  drift. 
These  are  projected  to  be  1.5  meters  and  1.0  meter  (equivalent)  respectively,  in  thtir  contribution  to 
pseudorange  error. 

It*  the  ionosphere  effect  is  predicted  with  current  knowledge,  the  error  is  very  much  dependent  on  t  ir 
of  day,  solar  activity,  geomagnetic  latitude  and  other  factors  determining  the  condition  of  the  ionosphere 
On  a  bad  dav ,  the  errors  may  be  30  meters,  although  on  an  overall  average  it  may  be  only  3  meters.  The  dual 
frequency  measurement  method  will  give  1  to  3  meters  depending  upon  signal  conditions  and  receiver  design. 

The  residual  after  tropospheric  correction  will  be  1  meter. 

Characterization  of  multipath  errors  is  virtually  impossible,  since  it  depends  upon  specific  antenna 
locations  and  the  location  and  surface  conditions  of  nearby  objects.  It  is  possible  to  create  situations 
with  multipath  induced  errors  of  tens  of  meters  for  P  code  (hundreds  of  meters  for  C/A  code),  but  with 
reasonable  care  and  luck,  1  meter  or  less  will  be  far  more  typical. 

Receiver  measurement  error  is  very  much  a  function  of  the  level  of  interference  at  the  antenna  and 
to  some  degree  upon  the  Host  Vehicle  dynamics,  both  the  actual  and  the  design  values,  Ihider  benign  con¬ 
ditions  the  measurement  error  will  be  under  1  meter  for  P  code  (10  meters  for  C/A)  and  twice  that  as  the 
noise  and  dynamic  limits  are  approached,  beyond  which  point  no  measurement-  are  available  at  all. 

Receiver  mechanization  errors  arising  from  such  sources  as  offsets  in  measurement  circuits,  quantiza¬ 
tion  noise,  computational  approximations  and  truncation  errors  can  bo  held  to  1  meter  with  careful  design. 

Without  being  precise  about  operating  conditions  or  onfidence  levels,  these  errors  add  (in  the  square 
root  of  the  sum  of  the  squares)  to  4  to  t>  meters  in  pseudorange  for  the  case  of  P  code,  dual  frequency  sets. 
In  solving  for  position  from  the  pseudoranges  these  errors  are  multiplied  by  a  factor  of  1.5  to  2  for  most 
times  and  places,  assuming  no  substantial  blocking  of  the  antenna.  A  projection  of  "10  meters  rms  or  better, 
almost  always"  is  supported  by  early  test  results  utilizing  the  first  experimental  GPS  satellite. 

For  a  minimum  cost  set  such  as  the  Z  which  uses  only  C/A  code  on  one  frequency,  the  dominant  error 
source  is  the  ionosphere  when  it  is  bad,  and  receiver  measurement  noise  when  it  is  good.  Position  accurao 
will  be  about  30  motors  under  most  conditions,  but  double  that  under  extreme  ionosphere  situations. 

The  error  analyst  has  often  been  asked  whether  there  is  benefit  to  be  derived  from  using  more  than 
the  minimum  three  or  four  satellites.  Certainly  more  measurements  are  helpful,  but  under  the  practical 
constraint  (due  to  receiver  hardware  or  computational  limitations)  of  allowing  onlv  a  given  number  of 
measurements  per  minute,  the  question  is  more  interesting.  If  all  of  the  error  sources  were  unbiased 
and  independent  of  the  choice  of  satellite  then  the  best  approach  would  be  to  select  the  minimum  number 
of  satellites  which  .ire  geometrically  well  spaced  and  whose  signal  strengths  are  good  and  then  to  use  all 
of  the  measurement  capacity  on  them.  If,  on  the  other  extreme,  the  errors  were  dominated  hv  sources 
associated  with  particular  satellites,  such  as  satellite  ephemeris  errors  or  multipath  reflections  which 
were  strong  in  certain  directions,  then  the  best  strategy  would  he  to  gather  measurements  on  most  of  the 
satellites  in  view.  At  this  time  the  former  situation  is  expected  to  be  the  more  likely,  hut  this  opinion 
is  subject  to  revision  as  the  testing  proceeds  during  the  coming  year. 
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SUMMARY 

Phase  II  User  Equipment  developments  are  the  second  step  of  a  three  phase  program  for  intro¬ 
ducing  this  navigation  system  into  operating  elements  of  the  Military  forces. 

Phase  I  was  largely  restricted  to  Advanced  Development  Models  for  proof  of  system  validity. 
There  are  two  exceptions:  a  Generalized  Development  Model  of  a  High  Performance  User  Equipment  and 
a  prototype  of  a  low  cost  model.  Phase  HI  wiU  be  production  from  prototypes  resulting  from  Phase  U. 

Design  to  Life  Cycle  Cost  is  the  process  being  used  to  guarantee  high  value  apparatus. 

For  greatest  utility  the  Phase  H  designs,  the  prototypes  for  Phase  HI  production,  are  being 
engineered  for  intimate  integration  into  a  wide  variety  of  host  vehicles. 


1.0  INTRODUCTION 

This  chapter  discusses  the  development  of  the  Global  Positioning  System  (GPS)  User  System 
Segment.  First,  the  development  objectives,  program  plan  and  a  brief  review  of  development  activities 
wiU  be  presented.  This  is  followed  by  a  discussion  of  user  requirements,  host  vehicle  interfaces  and 
integration,  definition  of  user  equipment  set  configurations  and  the  elements  of  a  Design  to  Cost  (DTC)/ 
Life  Cycle  Cost  (LCC)  program.  The  GPS  Phase  II  User  Equipment  (UE)  DTC/LCC  program  objectives 
and  tasks  required  to  accomplish  these  objectives  are  described  brieflv.  Finally,  the  modular  design 
concept, which  embraces  the  use  of  a  limited  inventory  of  standard  function  replaceable  hardware  and 
computer  program  or  software  modules  to  implement  specific  operational  building  blocks  to  be  uniquely 
arranged  for  the  synthesis  of  differing  UE  sets,  is  presented  along  with  the  flexible  interface  module 
concept  and  the  "form,  fit  and  function"  approach  to  integration. 

1 .  1  Purpose 

Most  of  the  design  concepts  presented  have  evolved  from  the  collective  development  efforts  on  the 
parts  of  the  government  and  industry.  These  concepts  will  be  further  studied,  analyzed  and  probably 
modified  during  the  Phase  HUE  development  process  in  order  to  yield  a  design  which  minimizes  life 
cycle  cost,  while  providing  positioning  and  navigation  services  at  acceptable  performance  levels.  It  is 
hoped  that  through  an  overview  of  the  objectives,  requirements,  constraints  and  design  approaches,  this 
chapter  contributes  to  an  understanding  of  the  GPS  Phase  H  UE  design  and  development  philosophy.  The 
Phase  HI  issues  and  options  which  pertain  to  the  production  and  support  of  the  GPS  user  equipments  wiU 
not  be  discussed  here  at  any  length  although  they  will  be  identified  at  the  onset  of  Phase  II  effort  and 
continuously  addressed  through  the  acquisition  cycle. 

2.0  OBJECTIVES  AND  PROGRAM  PLAN 

2.  1  Phase  I 

The  primary  objective  of  GPS  UE  development  is  to  support  and  implement  the  overall  acquisition 
approach  selected  for  GPS,  which  is  a  three-phase,  evolutionary,  design-to-cost  development  and  test 
program  leading  in  successive  phases  to  a  world-wide,  operational  capability  providing  extremely  accurate 
three-dimensional  position  and  velocity  information  and  system  time  to  suitably  equipped  users  anywhere 
on  or  near  the  earth.  The  three  phases  of  the  GPS  development  allow  the  system  to  evolve  with  each 
phase  building  and  expanding  on  the  previous  phase  in  an  integrated  and  cohesive  manner.  The  program 
initiation  decision  by  the  Defense  Systems  Acquisition  Review  Council  was  to  proceed  with  Phase  I, 

Concept  Validation,  to  confirm  the  basic  system  concept,  demonstrate  the  capabilities  of  the  preferred 
GPS  design,  and  provide  in-depth  information  on  system  cost  and  military  value  of  such  a  system.  In 
addition,  the  necessary  answers  to  questions  of  design,  performance,  schedule,  life  cycle  cost  and 
applications  are  to  be  obtained  prior  to  the  DSARC  U  ratification  decision. 

The  UE  development  objective  during  Phase  I  is  oriented  towards  the  support  of  Development  Test 
and  Evaluation  (DT&E)  of  Advanced  Development  Models  (ADMs)  of  user  equipment  to  validate  the  GPS 
concept  and  to  gather  performance,  engineering  and  cost  data  of  various  receiver  design  approaches. 
Towards  this  end,  a  total  of  six  different  user  equipment  models  have  been  designed  and  fabricated. 

These  are  Sets  X,  Y,  Z  and  Manpack  built  by  Magnavox  Advanced  Products  Division  and  High  Dynamics 
User  Equipment  (HDUE),  Manpack/ Vehicular  User  Equipment  (MVUE)  by  Texas  Instruments,  it i  addi¬ 
tion,  one  Generalized  Development  Model  has  been  developed  by  Collins  Avionics  Division  of  Rockwell 
International.  It  wiH  be  tested  to  verify  jam  resistant  design  alternatives.  This  technology  effort,  con¬ 
ducted  by  the  Air  Force  Avionics  Laboratory  (AFAL),  will  contribute  to  the  identification  of  preferred 
user  equipment  design  for  Phase  II. 

The  major  emphasis  in  Phase  I  is  on  the  receiver  design.  There  is  a  range  of  receiver  oppor¬ 
tunities  relative  to  number  of  channels,  techniques  of  signal  detection  and  tracking,  techniques  of 
construction,  and  environmental  restrictions.  One  of  the  Phase  I  objectives  is  to  encourage  experimenta¬ 
tion  for  a  limited  time  and  continue  to  keep  these  technology  options  open.  Since  Phase  I  will  encompass 


the  first  of  three*  dcsign-build-test -design  cycles  to  determine  prelerred  user  equipment  configuration* 
at  an  affordable  mst,  another  objective  is  to  ensure  legacy  in  the  development  hardware  and  software. 
F.ngincering  activities  have  been  oriented  towards  design  to  cost  management  and  lile  cycle  e  out  analysis 
at  the  design  engineering  level.  The  development  plan  reflects  the  iterative  design-test -improve 
concept  in  Design  to  Cost  engineering. 

2.2  Phase  11 

A  decision  to  continue  into  Phase  11  Pull  Scale  Development  could  he  made  at  1XSAIU'  II  in  early 
1979.  The  1  base  11  efforts  will  complete  the  Initial  Operational  Test  and  (Evaluation  (ICTfcF.)  of  proto¬ 
types  of  production  user  equipment  for  a  broad  spectrum  of  Army,  Navy,  Air  Force,  Marine  Corps, 
Defense  Mapping  Agency  and  other  users.  The  emphasis  now  shifts  to  developing  a  family  ot  use  r 
equipment  sets  for  minimum  life  cycle  cost  which  will  meet  the  users'  performance  requirements  while 
satisfying  weight,  power,  size*  and  other  interface  constraints  on  the  integration  of  the  CPS  equipments 
into  their  host  vehicles. 

The  procurement  for  Phase  II  of  CPS  navigation  equipment  is  divided  into  two  stages  -  Phase  11A 
and  Phase  1111.  Phase  1LA  due  to  start  in  June  1978  will  include  a  series  of  trade  studies  and  analyses  by 
four  competitively  selected  contractors  to  identity  the  preferred  CPS  navigation  system  architectures 
and  support  concept.  Minimisation  of  the  life  cycle  cost  of  tin*  total  inventory  of  multi -service  user 
equipment  is  tin-  major  objective  of  these  studies  and  analyses.  Phase  1111,  commencing  after  1XSAIU’  II, 
will  have  two  contractors  selected  from  among  the  Phase  11A  contractors  to  continue  with  design  refine¬ 
ment,  fabrication  of  prototype  equipment  and  extensive  testing. 

2.  )  Phase  111 

Phase  111,  Production/ Development,  will  develop  the  full  global  capability  of  the  system  at  a  rate 
to  meet  a  planned  Initial  Operational  Capability  date  in  1984.  The  UK  development  for  Phase  ill  will  he 
for  the  production  of  operational  CPS  user  equipments.  The  initial  Phase  111  contractor  will  be  selected 
from  the  competing  Phase  UH  contractors.  IOT&K  results,  life  cycle  cost,  commitment  to  support  cost 
guarantee  and  reliability  improvement  warranty  (KIW),  produoibility  and  management  capability  will  be 
given  heavy  consideration.  A  lcader/folKnv er  (s)  procurement  concept  is  envisioned  for  the  production 
of  the  preferred  Phase  UH  design  with  the  leader  qualifying  a  second  production  source  (s)  within  18 
months  after  the  tirst  production  contract  award.  The  leader  will  retain  total  system  performance 
responsibility  to  include  responsibility  for  any  system  level  or  module  level  support  cost  control. 

1.0  US KR  RKQU IRKMKNTS 

1.  1  System  R  equi  rcnient  s 

Since  the  early  bO’s,  a  great  number  ot  military  missions  and  applications  were  analyzed  in 
defining  the  objectives  for  the  GPS.  These  applications  range  from  precision  weapon  delivery  through 
search  and  rescue  to  geodetic  survey.  Most  of  these  applications  fall  into  the  following  categories: 
weapons  deliveries,  enroutc  and  terminal  navigation,  range  instrumentation,  targeting  and  survey,  and 
all  weather  or  constrained  maneuver  operations  tor  the  transportation  of  men  and  materials. 


From  these  mission  requirements  are  extracted  the  desired  system  characteristics  lor  GPS 
which  are  summarized  in  Table  I.  As  these  capabilities  can  be  direct.lv  translated  into  military  gains  in 
terms  of  increased  weapon  system  effectiveness,  faster  response,  greater  flexibility  in  force  deployment, 
and  enhanced  probability  ot  mission  accomplishment,  new  applications  and  potential  users  continue  to  lie 
identified. 

Table  l.  Cel'S  Characteristics 


1. 

World-wide*  coverage  (continuous) 

8. 

Not  line*  of  sight  limited 

2. 

Accuracy  compatible  with  mission  of  user 

9. 

Denied  to  unauthorized  use* 

t. 

All  w- rather  (and  not  daylight  dependent) 

10. 

Jam  resistant 

4. 

Re*al  time  (and  rapid  acquisition) 

1  1. 

Cost  effective 

5. 

Unlimited  number  of  users 

12. 

No  altitude  dependence* 

6. 

No  user  radiation 

1 

'  dimensions  (position  and 

7. 

Common  grid 

14. 

Users  independent 

*.  2  Diversity  of  User  Requirements 

The  tlPS  user  community  is  extremely  diverse,  representing  many  different  host  vehicles  and 
many  different  missions.  Kach  user  requires  certain  specific  functional  capabilities  and  certain  minimum 
acceptable  performance  levels,  but  attaches  different  weights  to  various  specification  items  and  penalties 
to  his  specific  host  vehicle.  It  would,  of  course,  be  hopelessly  expensive  and  logisticallv  impossible  to 
tailor-make  an  equipment  for  each  and  every  user.  Hence  there  has  been  a  concerted  effort  to  define 
several  user  classes  (groups)  by  the  order  of  importance*  placed  on  requirements  and  the  tolerable  range 
of  performance  for  each  specification  item  in  each  class. 


'•  '  Kqnipment  Classification 

It  has  been  noted  earlier  that  although  a  wide  variety  of  applications  require*  differing  performance 
levels,  some  of  these  differences  can  he*  accommodated  economically  by  different  configurations  of 
elements  which  the*mse*lves  satisfy  the*  requi  reme*nt  s  of  se*ve*ral  configu  rat  ions,  A  good  example  is  the* 
difference  between  equipments  which  track  four  or  more  signals  simultaneously  and  equipments  which 
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track  signals  in  turn.  While  the  first  employs  four  or  more  signal  processing,  code  generating,  signal 
tracking  and  range  measuring  circuit  groups,  the  second  uses  only  one  at  a  time  and  indeed  can  use 
most  or  aU  of  a  single  group  for  all  its  signals.  Another  example  is  the  difference  between  equipments 
intended  to  support  users  with  significant  dynamics  (aircraft)  and  those  intended  to  support  users  with 
low  dynamics  (survey  equipment).  Similar  parts  are  appropriate  with  bandwidth  differences  produced 
under  computer  program  control. 

Ihcsc  differences  have  lead  to  the  identification  of  classes  of  equipment,  generally  performing 
to  different  specification  levels,  built  from  identical  circuit  elements  or  "modul.  s".  It  is  important  in 
obtaining  low  liie  cycle  costs  to  restrict  the  variety  of  parts  in  the  overall  system  and  to  manufacture 
as  many  of  identical  design  as  possible.  However,  one  obstacle  to  standardization  of  modules  seems  to 
be  the  different  operational  test  requirements  of  the  military  services  which  use  GPS*. 

V*hile  the  operational  test  requirements  may  differ  between  military  services,  the  classes  of 
equipment  or  performance  requirements  are  generally  not  segregated  by  services.  All  services  fly 
rotary  wing  aircraft.  All  services  have  transport  tasks  which  generally  involve  similar  dynamics, 
accuracy  requirements  and  volume  restrictions.  Consequently  classes  usually  do  not  correspond  to 
service  peculiar  practices  or  even  completely  consistent  environmental  restrictions. 

3.  3.  1  Early  Classification 

The  early  categorization  was  as  follows: 


Dose  ription 

Severe  Dynamics  in  Jamming 

Severe  Dynamics  W/O  Jamming 

Low  Dynamics,  No  Jamming;  Low  Cost 

Wheeled  and  Tracked  Vehicles 

Manpack 

Ships  (all  types ) 


Class  Designation 
A 
B 
C 
D 
E 
F 


Thii  division  was  too  fine  for  the  1  base  I  program  and  was  replaced  with 

Description  Class  Designation 

Full  Dynamic  Performance  X 

Moderate  Dynamic  Performance  Y 

Low  Cost  2. 

Manpack /Vehicular  Manpack 

Somu  months  into  the  program  it  became  apparent  that  X  and  Y  had  two  embodiments  .  operated 
with  inertial  navigators  and  stand  alone.  Therefore  the  term  "X-aided"  entered  the  vocabulary.  Further 
into  the  program,  new  items  were  added,  including  the  HDUE  and  MVUE.GPSPAC  (a  spaceborne  set) 
and  the  M-set  for  missile  applications.  * 


3.  L  2  Phase  II  Classification 


In  Phase  II,  where  prototypes  for  production  are  required,  classes  are  oriented  around  common 
applications  and  host  vehicles  of  common  performance  capability  as  shown  in  Table  11. 

Table  II.  Installation  Categories 


Host  Vehicle  Category 

1.  Manpack/ Vehi  cula  r 

2.  Helicopter/ Recon 

3.  Fighter /Attack 

*1.  Transport/Tanker /ASW 

5.  Strategic  Aircraft 

6.  Surface  Ship 

7.  Submarine 

8.  Trainer  /  Transport 

9.  Austere  Navigator 


Typical  Vehicles 

Man,  Jeep,  Tank 

UH-I,  RH  5  3D,  OV  -  ID,  AH- IS 

A-4,  A-6,  F14,  FI  5,  F-4 

C- 141,  C-5A,  E-3A,  P-3C 

B-  52 

CV,  MSO 
Subma  rines 
T 38,  Cl  35,  F-5E 
To  be  identified. 


3.  4  Phase  11  Requirements 


Requirements  in  terms  of  performance,  dynamics,  environmental  service  conditi.  ns,  physical 
characteristics,  etc.  arc  provided  in  the  appendices  of  SS-US-200,  GPS  User  System  Segment  Phase  U 
Specification.  To  the  extent  possible,  the  contractors  will  also  be  provided  with  performance  levels 
specified  against  mission  requirements  and  w  ith  mission  scenarios  to  better  understand  these  require- 
ments.  ’ 


*  Private  Communication,  Mr.  B,  Glazor,  Magnavox  Advanced  Products  Division 
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Othrr  requirements  relate  to  coordinate  references  and  interoperability.  The  common  clobal 
coordinate  system  for  GPS  is  the  World  Geodetic  System  (currently,  WGS-72).  This  is  an  earth 
centered,  earth  fixed  coordinate  system  and  is  the  basis  for  all  GPS  calculations.  This  coordinate 
reference  is  convertible  to  other  references  such  as  the  Military  Grid  Reference  Systems  (MGRS)  and  to 
local  datums.  The  UE  developed  must  be  capable  of  coordinate  conversion,  if  required. 

GPS  user  equipment  must  be  capable  of  beinu  integrated  with  Inertial  Navigation  Systems  (INS) 
Inertial  Measurement  Units  (IMU),  Attitude/ Heading  Reference  Systems  (AHRS),  doppler  systems 
altimeters,  compasses  and  other  host  vehicle  auxiliary  sensors  as  discussed  in  Section  (..  Additionally 
the  equipment  must  be  capable  of  interoperability  with  other  communication,  navigation,  and  identifica- 
tion  equipment,  such  as  Joint  Tactical  Information  Distribution  System  (JT1DSI  and  Naval  Tactical  Dat  i 
System  (NTDS). 


4.  0  DESIGN  TO  COST/LIFE  COST 
4.  1  PTC  Concept 


Central  to  the  GPS  development  sequence  is  proper  balance  of  expense  in  the  system  as  a  whole*’.’ 
Consequently,  the  DTC  concept  was  adopted  as  a  management  tool  very  early  in  the  development  cycle 
and  it  matured  to  life  cycle  cost  management  in  recognition  that  all  cost  elements  (not  just  acquisition  ' 
costs  but  operations  and  support  costs)  were  essential  to  making  selections  and  decisions,  DTC  was 
judged  applicable  to  GPS  as  a  whole  and  the  user  equipment  in  particular  because: 


The  program  was  then  in  the  conceptual  stage,  thereby  allowing  the  DTC  goals  be 
established  early  in  the  development  cycle; 

The  program  had  large  potential  production  and  the  potential  for  cost  escalation  if 
not  controlled; 

No  new  technology  was  involved  and  if  was  a  straight  engineering  development 
program; 

"  it’1  ETC  goals  firmly  established,  it  represented  an  opportunity  for  meaningful 
competitive  procurement;  and 

The  program  is  cost  effective. 


4.  2  LCC  Management 


II"'  design  to  cost  or  design  to  life  cycle  cost  is  a  cost-control  management  concept,  the  principal 
objective  being  to  introduce  a  cost  target  which  considers  the  cost  ol  acquisition  and  ownership  to  be 
achieved  by  practical  tradeoffs  between  operational  capability,  performance,  cost  and  schedule.  Here 
the  performance  characteristics  selected  for  trade-offs  against  the  cost  are  generally  desired  but  not 
minimum  performance  requirements.  Cost,  as  a  key  design  parameter,  is  addressed  on  a  continuing 
basis  and  as  an  inherent  part  of  the  development  and  production  process. 

Because  of  the  large  population  of  users  and  their  environmental  performance,  interlace/integra- 
tion  and  logistics  requirements,  the  cost  of  user  equipment  becomes  the  largest  single  item  ot  cost  in 
Gfb  implementation.  For  cost  effectiveness,  past  system-level  trades  conducted  during  system  concept 
formulation  lavorud  mnvimt  Gimf.<m  p/imnlouit..  f _ ...  . -  . . *  c  ,  ^  .  ‘ 


formulation  favored  moving  system  complexity  from  the  user  equipment  toward  the  spac 
turn  toward  the  control  system.  That  is  why  greater  design-to-cost  attention  ' 

User  Segment  than  the  other  two. 


hide  and 
lias  been  focused  on  the 


'  Competitive  Development 

Another  fundamental  development  guideline  carried  forward  since  system  concept  formulation 
stage  is  the  concept  of  competitive  development.  Competition  provides  a  motivation  for  contractors  to 
exert  their  best  ingenuity  in  design  to  keep  the  cost  down.  In  GPS  HE  development,  competition  is 
encouraged  through  parallel  development  of  the  fundamental  configurations  in  duplicate  by  independent 
contractors.  Close  track  and  cross  check  of  cost  data  at  any  stage  through  the  utilization  of  DTC /1..CC 
techniques  and  management  provide  a  safeguard  against  the  danger  of  contractors  giving  optimistic 
quotations  which  lead  ultimately  to  over  runs  once  the  competition  has  stopped.  Of  course,  at  this  stage 
the  option  of  running  the  competition  tar  into  the  production  phase  is  still  open. 

**  DTC/LCC  Objectives  and  Tasks 

The  Phase  II  DTC/LCC  program  objectives  are:  (1)  support  the  development  of  a  family  of  GPS 
user  sets  at  minimum  life  cycle  cost  consistent  with  adequate  performance  and  functional  capability;  (2) 
to  determine  design  to”  cost  goals,  reliability  and  maintainability  goals;  and  (3)  to  identify  hardware 
and  software  support  concepts.  To  achieve  these  objectives,  the  contractors  are  asked  to  perform 
trade-offs  between  operational  capability,  performance,  life  cycle  cost,  and  schedule. 

Hie  LCC  factors  such  as  Unit  Production  Cost,  Initial  Production  Facility  cost,  Operation  and 
upport  costs  and  reliability  and  maintainability  requirements  consistent  with  the  '  design  to  goals  will 
be  determined  by  the  contractors  during  Phase  IIA  through  interactive  design  trades  such  as  those  men- 
turned  above  to  obtain  the  lowest  LCC.  The  GPS  User  Equipment  Life  Cycle  Cost  Model  has  been 
developed.  It  will  be  the  baseline  model  to  be  used  in  sensitivity  analysis  and  trade  studies  by  the  con¬ 
tractors,  although  some  trade  studies  may  require  modifications. 


(M  Smith,  D.  t..  and  Butterfield,  F.  E.  ,  Navigation  Satellite  Design  for  Low  User  Cost  International 
Telecommunications  Conference,  Atlanta  GA,  Nov.  26-28,  197  t . 


The  key  points  of  the  selected  DTC  approach  are:  the  establishment  of  LCC  as  a  design  parameter; 
the  emphasis  on  trading  off  performance  characteristics  and  schedule  against  cost;  and  the  requirement 
for  continuous  evaluation  of  system  development  against  pre-established  cost  criteria. 

S.  0  THfc:  MODULAR  DESIGN  CONCEPT 

5.  1  Design  Approach 

Considering  the  factors  of  low  LCC  requirements,  diverse  mission  applications,  and  the  varied 
maintenance  and  logistics  strategies  among  the  services,  a  cost  effective  approach  would  be  to  use  a 
building  block  approach  in  a  modular  fashion  in  the  design  and  configuration  of  the  user  equipment.  The 
idea  is  that  each  set  will  be  based  on  a  small  number  of  common  hardware  and  software  elements, 
selected  out  of  a  standard  GPS  collection.  The  desired  result  is  a  small  family  of  electrical,  mechanical, 
and  software  building  blocks  from  which  any  user  set  can  be  derived,  thus  promoting  the  advantages  of 
standardization  and  high  volume  production. 

To  keep  the  logistics  manageable  and  the  equipment  nomenclature  system  workable,  the  number 
of  unique  set  designs  will  be  minimized.  Each  set  consists  of  the  hardware  and  computer  programs 
necessary  to  convert  the  GPS  navigation  signals  into  timing  data,  positioning  data,  navigation  data  and 
control  and  display  signals  as  required.  The  set  associated  with  each  application  need  not  have  a  unique 
configuration.  The  application  of  a  set  or  sets  to  more  than  one  application  shall  be  accomplished  where 
technically  feasible  and  economically  desirable.  The  goal  is  to  develop  a  common  module  approach  to 
provide  a  minimum  number  of  differing  sets  to  meet  a  maximum  number  of  applications. 

The  hardware  elements  in  a  set  that  are  physically  separate  and  distinguishable  will  be  treated 
as  line  replaceable  units  (LRUs).  Within  the  framework  of  each  standard  LRU  and  computer  program 
configuration  item  (CPCI),  the  building  blocks  used  to  synthesize  an  LRU  or  CPCI  will  come  from 
limited  inventory  of  standard  function  replaceable  hardware  and  computer  programs. 

5. 2  Required  Efforts 

The  tasks  that  Phase  II  contractors  face  are  (1)  to  consolidate  and  logically  group  the  require¬ 
ments  which  will  form  the  basis  for  definition  of  each  type  user  equipment;  (2)  to  perform  functional 
partioning  of  the  set  in  terms  of  the  functional  areas  listed  in  Table  Ill;  (3)  to  implement  each  functional 
area  with  standard  replaceable  functional  modules  to  synthesize  all  LRUs,  and  (4)  to  define  unique  set 
configurations  through  potential  arrangements  of  the  functional  areas  based  on  the  concepts  shown  in 
Figure  1. 
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CONCEPT  4.  INTEGRATED  NAVIGATION  SYSTEM 


Figure  1.  Set  Concepts 


Table  ill.  Functional  Areas 


1. 

Antenna 

Functional  Areas 

6. 

Power  Supply 

2. 

Receiver /Signal  Processor 

7. 

flexible  Modular  Inb 

3. 

Data  Processor 

8. 

Chassis  Components 

4. 

Computer  Programs 

9. 

Equipment  Mounts 

5. 

Control  /  Display 

5.3  Functional  Concepts 

Concept  1.  Concept  1  is  a  stand-alone  navigator  that  uses  GPS  LRUs  exclusively  to  provide 
position,  velocity,  time  and  derived  navigation  quantities  (e.  g. ,  waypoint  navigation,  steering  indications, 
and  approach  aids  as  required)  to  the  operator  or  host  vehicle  subsystems  in  the  required  format.  A 
minimum  amount  of  aiding  may  be  accepted  from,  or  a  minimum  amount  of  information  may  be  exchanged 
with  other  host  vehicle  subsystems  depending  on  the  requirements  of  the  particular  host  vehicle 
installation. 

Concept  2.  Concept  2  is  a  positioning  sensor  that  uses  GPS  LRUs  exclusively  to  provide  position, 
velocity  and  time  to  the  operator  or  host  vehicle  subsystem  in  the  required  format.  Information  and 
aiding  shall  be  exchanged  with  other  available  host  vehicle  systems  as  required. 

Concept  1.  Concept  i  is  a  receiver-sensor  that  provides  input  quantities  (e.  g.  ranges  and  range 
rates)  to  related  host  vehicle  subsystems  where  positioning  and  navigation  calculations  are  performed 
as  required  by  the  missions.  Information  and  aiding  shall  be  exchanged  with  other  available  host 
vehicle  subsystems.  Prompt  aiding  (i.  e.  ,  aiding  signals  supplied  directly  to  the  receiver  from  external 
sensors  with  a  minimum  of  transport  delay)  will  be  employed  as  required. 

Concept  4.  Concept  4  is  an  integrated  navigation  system  that  uses  both  GPS-derived  and  host 
vehicle  subsystem  inputs  for  the  navigation  process.  Concept  4  includes  use  of  host  vehicle  subsystems 
to  provide  aiding  information  to  the  GPS  receiver  to  enhance  dynamic  tracking  performance  and  resistance 
to  jamming. 

In  keeping  with  the  modula  r  approach  to  hardware  development,  the  Phase  II  contractors  are 
asked  to  develop  the  UE  computer  programs,  including  code  classified  as  firmware,  in  a  modular 
fashion  to  facilitate  easy  adaptation  to  the  various  user  applications.  Design  trades  of  unique  software 
versus  common  modules  must  be  performed.  In  order  to  maximize  the  utility  of  these  computer 
program  modules,  the  computer  program's  dependence  on  hardware  must  be  minimized. 

The  importance  of  software  development  cannot  be  overemphasized.  Each  Phase  11  contractor 
is  required  to  prepare  a  Computer  Program  Development  Plan  (CPDP)  pertaining  to  both  technical  and 
management  of  CPCI  development.  The  plan  will  reflect  a  carefully  thought  out  approach  from  initial 
definition  through  module  partitioning  to  the  delivery  of  the  completed  product  code. 

6.0  INTEGRATION  CONCEPT 

6.  I  Importance  of  Integration 

Besides  accomplishing  efficient  designs  of  high  performance  modules  useful  as  prototypes  of 
building  blocks  to  be  assembled  into  Line  Replaceable  Units  to  serve  the  categories  of  Table  II  and  very 
likely  others  (missiles,  satellites),  it  is  an  objective  of  the  Phase  II  of  the  GPS  program  to  make 
significant  progress  in  the  integration  of  GPS  equipment  into  host  vehicle  operating  systems. 

6. 2  Phase  1 

Phase  I  has  accomplished  some  important  steps  in  this  direction:  the  X-aided  equipment,  for 
example,  combines  a  four  simultaneous  signal  receiver  with  an  inertial  navigation  system  according  to 
Figure  2.  The  computations  undertaken  involve  the  Kalman  filter  states  listed  in  Table  IV.  Funda¬ 
mentally,  the  receiver  outputs  permit  frequent  resetting  of  the  INS  position.  Other  computations  permit 
the  triggering  of  a  bomb  release  as  a  designated  target  is  approached.  The  equipment  is  mounted 
e5cternal  to  a  standard  F-4  and  drives  only  a  pilot’s  steering  indicator  in  the  cockpit  and  control  and 
display  units  in  the  second  seat. 

Tlie  Phase  I  Z-set  is  another  example  of  rudimentary  integration.  This  set  is  required  to  fit 
the  space  occupied  by  the  AN/ARN-!  18  TACAN  receiver/transmitter  and  is  required  to  interface  w  itli 
apparatus  in  Figure  3. 

6.3  Phase  11  Integration 

In  Phase  II  it  is  the  intention  to  integrate  GPS  equipment  deeply  into  some  host  vehicles  for  the 
purpose  of  obtaining  maximum  performance  on  the  one  hand  and  for  developing  integration  techniques  on 
the  other.  One  example  is  shown  in  Figure  4,  the  block  diagram  of  the  expected  F-4G  system**.  The 
AN/ARN-101  is  a  weapon  delivery  system  including  an  INS  which  feeds  rate  information  to  its  radio 
sensor  for  the  purpose  of  aiding  signal  tracking  loops.  Probably  more  important  is  the  position,  time, 
velocity  and  covariance  data  useful  in  estimating  INS  errors.  With  such  data  it  is  possible  to  obtain  high 
quality  INS  navigation  with  simpler  and  less  expensive  inertial  elements, 

**  Derived  by  ARINC  Research  Company  under  GPS  contract. 
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Table  IV.  System  State  Yet,  tor 


States 

(X,  Y#  V  refers  tt>  tangent  plant*  coordinates 

6ex 

Angular  position  error  about 

X  axis 

60  y 

Angular  position  error  about 

Y  axis 

611 

Altitude  error 

6vx 

X  velocity  error 

6Vy 

Y  velocity  error 

6V/ 

V  velocity  error 

6°o 

User  clock  phase  offset  , 

6*o 

User  clock  frequency  offset 

flHu 

Da  ro  altimeter  bias  error 

V  Platform-to-computer  misalignment  angle 

V  Matforni-to-compute  r  mi salignment  angle 

l  . .  Platform-to-computer  misalignment  angle 


UNCORRl  CTED 
NAVI  GA 1 1  ON 

VAR,  ABU  S  NAVIGATION  CORRECTIONS 


PSEUDORANGE 
AND  PSEUDO 
DELTA  RANGE 


Figure  *,  X-Aidrd  Assembly 
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The  ability  to  restrict  INS  error  by  means  of  radio  sensor  inputs  permits  the  INS  to  function  as 
an  accurate  navigation  flywheel  through  areas  of  intense  radio  jamming.  It  is  especially  important 
in  cases  of  low  rate  radio  sensor  sampling  such  as  is  typical  of  the  TDMA  systems,  where  the  presence 
ot  a  reliable  dead  reckoning  devici  is  required  to  produce  even  modest  relative  navigation  performance 
in  the  {  resence  ol  navigator  dynamics. 

.he  stabilizing  or  synchronizing  of  time  bases  for  such  operations  is  also  important.  Take  the 
simplest  case  of  relative  navigation  given  in  the  following  sketch,  where  three  air-raft  set  out  to  fly 
north  disposed  as  shown. 


W 

A 

-4 — >  N 


A  B 

Sim  e  tin*  three  sides  of  this  triangle  can  be  measured,  its  solution  is  always  possible  and  relative 
navigation  is  successful  in  absence  ol  errors.  However,  if  the  time  base  of  B  is  fast,  range  C  to  B 
(measured  at  B)  will  be  larger  than  the  true  range.  B  will  be  inclined  to  turn  west  to  maintain  the 
intended  relationship.  I  he  range  B  to  C  (measured  at  C)  will  be  smaller  than  the  true  range  and  C  will 
be  inclined  to  turn  west  to  maintain  the  intended  relationship.  A  similar  effect  takes  place  between  A 
and  B  causing  them  to  reduce  velocity,  li  A  is  regarded  as  master  and  maintains  velocity,  B  interprets 
his  readings  as  being  the  consequence  of  air  speed  errors  and  may  compensate  with  a  velocity  increase. 
Thus  a  single  synchronization  error  results  in  rotation  of  the  configuration  and  in  the  linear  range 
results  in  continual  cross  track  error  growth.  Redundant  information  is  required  to  identify  this  bias 
and  is  available  from  GPS  at  less  cost  than  that  of  adding  an  aircraft  to  the  flight. 

Typical  interfacing  equipments  are  for  the  classes  of  Table  11  the  following: 

1.  AN/PRC-77;  AN/PSC-1;  TACF1RE:  S1NCGARS 

2.  HR/BDI;  HSI;  Altimeter;  Doppler  Radar;  lire  Control;  Hover  Couples 

INS;  Fire  Control;  Tactical  Information  Distribution  Systems;  Flight  Indicators 
"*•  flight  Director;  INS;  Weapon  Delivery  Systems;  Flight  Indicators 
5.  INS;  Weapon  Delivery  Systems;  A  HRS;  Flight  Indicators 
t'.  INS;  E.  M.  Logs;  Gyrocompass;  Doppler  Sonar;  Fire  Control 

7.  INS;  Fire  Control;  Communications 

t*.  INS;  TACAN;  ILS  Indicators 

9.  Standard  Flight  Indicators 

*'•  flexible  Modular  Interface 

While  this  last  list  is  not  all  inclusive,  it  is  apparent  that  the  CiPS  equipment  will  interconnect  to 
similar  tilings  in  many  of  its  different  vmploymont  categories.  This  loads  to  tho  concept  of  standardizing 
the  GPS  outputs  as  well  as  tho  internal  circuits.  Tho  variety  of  interfacing  requirements  is  so  wide  that 
not  all  combinations  w  ill  be  accomplished  economically  in  a  common  interface  device,  but  it  is  the  intent 
to  find  one  which  handles  the  majority  of  situations.  This  Flexible  Modular  Interface'  is  a  device  which 
converts  navigation  data  to  the  proper  format  for  transmission  and/or  reception  between  the  11  E  and 
other  host  vehicle  avionic  systems.  It  special  interface  devices  are  necessary,  they  will  be  conceived 
.is  part  of  tho  installation. 

»*.  F  >peei  fixation 


All  of  these  considerations,  then  become  elements  of  the  form,  fit,  and  function  specifications 
which  are  the  basis  for  prototype  definition.  To  the  degree  that  they  influence  the  interior  ol  GPS 
equipment,  they  must  be  accommodated.  Beyond  that,  the  GPS  electronics  design  details  become  options 
for  the  equipment  manufacturers  to  choose  from  in  minimizing  equipment  cost. 


PERFORMANCE  ENHANCEMENT  OF  THE  GPS  RECEIVER  BY  DATA- FREE  OPERATION' 

J.  R.  Sklar 
L.  L.  Horowitz 

Lincoln  Laboratory 
Massachusetts  Institute  of  Technology 
Lexington,  Massachusetts  02173  USA 

Introduction 


In  this  section  we  discuss  the  operation  of  a  receiver  designed  to  receive  the  signal  transmitted  by  a 
Global  Positioning  System  (GPS)  satellite  in  the  dynamic  environment  experienced  by  a  high-performance 
tactical  aircraft.  As  indicated  by  the  section  heading,  we  concentrate  on  an  operating  mode  known  as 
"data-free"  mode.  Because  the  GPS  signal  is  modulated  with  system  data,  the  signal  energy  is  spread 
over  a  50  Hz  band;  as  a  result,  there  is  a  limit  to  the  noise  filtering  that  can  be  performed.  If  this  data 
were  removed,  or  (equivalently)  stored  in  the  receiver,  additional  filtering  could  be  employed  and  other 
changes  made  in  the  receiver  to  improve  the  noise  (and/or  jamming)  immunity.  The  quantitative  effects 
of  these  changes  are  derived  below. 

Data-Free  Operation 

As  already  discussed  in  an  earlier  section,  the  signal  received  from  each  GPS  satellite  consists 
of  a  Doppler-shifted  carrier  which  is  biphase  modulated  by  a  known  pseudo-random  noise  sequence  and 
low-rate  (50  baud,  assumed  unknown)  data.  In  the  receiving  equipment,  the  carrier  and  pseudo-random 
noise  code  are  tracked  to  provide  relative  velocity  and  relative  range  information,  respectively.  The 
low-rate  data  contains  system  information  such  as  time-of-day,  satellite  ephemerides,  etc.,  which  the 
receiving  equipment  must  use  to  convert  the  relative  velocity  and  range  estimates  into  absolute  velocity 
and  position  fixes. 

Various  forms  are  possible  for  the  receiver  operating  in  the  normal  (i.e.,  not  data  free)  mode.  Usu¬ 
ally  Costas  carrier-tracking  loops  track  the  Doppler-shifted  carrier.  This  carrier-recovery  technique 
is  designed  to  generate  a  coherent  phase  reference  that  is  independent  of  the  binary  modulation.  Such  an 
approach  is  necessary  in  estimating  Doppler  because  of  the  phase  uncertainty  that  is  introduced  in  the 
received  signal  by  the  low-rate  data  stream. 

The  phase  uncertainties  introduced  by  the  data  also  affect  the  choice  of  code-tracking  circuitry.  A 
non-coherent  delay-locked  loop,  also  known  as  an  envelope  correlation  delay-lock  discriminator,  will 
track  the  code  and  hence  estimate  relative  range  without  knowledge  of  the  data  bits.  Since  the  data  is  nor¬ 
mally  unknown  at  the  receiver,  the  receiver  must  be  designed  using  such  a  technique. 

Thus,  the  basic  techniques  used  in  both  the  carrier  and  code  tracking  loops  are  affected  by  the  un¬ 
known  phase  modulation  imposed  by  the  data  and  Doppler  velocity  uncertainty.  However,  we  may  make 
note  of  two  important  considerations: 

1.  Carrier  and  code-tracking  circuitry  that  operate  with  signals  of  known  phase 
modulation  give  better  performance  than  equivalent  circuitry  designed  to  track 
signals  of  unknown  phase  modulation. 

2.  In  the  operational  context  of  the  GPS  system,  the  data  message  is  brief  and  is 
periodically  repeated;  further,  the  data  contained  in  the  message  changes  infre¬ 
quently,  perhaps  once  every  hour  or  two,  and  the  time-of-day  when  the  message 
might  change  can  be  firmly  established. 

These  two  facts  provide  an  opportunity  for  the  GPS  receiver  to  operate  as  if  the  data  were  known.  We 
shall  refer  to  this  as  "data-free"  operation.  In  this  case,  the  carrier  can  be  tracked  with  a  phase-locked, 
as  opposed  to  a  Costas,  loop.  As  we  shall  see,  the  signal-to-noise  requirements  for  a  given  level  of 
tracking  performance,  are  reduced  significantly  when  this  receiver  configuration  is  used.  In  addition, 
the  phase-locked  loop  tracks  the  Doppler  frequency  directly  while  the  Costas  loop  tracks  at  the  doubled 
frequency  resulting  from  a  squaring  operation.  This  lowers  the  lock  threshold  of  the  loop  significantly. 

Ideally,  the  pseudo-random  noise  code  could  also  be  tracked  with  a  coherent,  rather  than  a  non¬ 
coherent,  delay-locked  loop.  However,  a  coherent  loop  must  rely  on  the  phase-locked  loop  for  its  phase 
reference  and  at  the  signal-to-noise  levels  of  interest,  the  phase-locked  loop  that  is  estimating  Doppler 
frequency,  produces  a  fairly  noisy  estimate  of  phase.  Cycle  slips  are  relatively  frequent.  With  such  a 
noisy  phase  reference,  the  coherent  delay-locked  loop  performs  poorly.  Hence  the  best  receiver  config¬ 
uration  when  the  data  is  known  is  a  non-coherent  delay-locked  loop  (NCDLL)  for  pseudo-random  code 
tracking  and  a  phase-locked  loop  (PLL)  for  carrier-tracking.  The  PLL  also  provides  a  velocity  aiding 
signal  to  the  NCDLL,  as  will  be  discussed  below. 

A  further  advantage  to  data-free  operation  arises  because  of  bandwidth  considerations  in  the  code¬ 
tracking  loop.  The  first  stage  in  this  loop  is  a  correlation  mixer  which  multiples  the  incoming  rf  signal 
by  the  receiver's  estimate  of  this  same  signal.  When  the  data  is  unknown,  its  modulation  spreads  the 
correlator  output  over  a  50  Hz  band,  limiting  the  degree  to  which  noise  can  be  predetection  filtered.  On 
the  other  hand,  when  the  data  is  assumed  known,  it  can  be  included  as  part  of  the  pseudo-noise  code  and 
eliminated  from  the  predetection  circuitry.  Thus  the  predetection  filter  in  the  NCDLL  can  be  narrowed 
from  (50  +  fst)  Hz  to  (2fs2)  Hz  where  fsi  and  fS2  are  the  frequencies  of  cycle  slips  in  the  Costas  loop  and 
the  phase-locked  loop,  respectively. 


*  This  work  was  sponsored  by  Department  of  the  Air  Force. 

The  views  and  conclusions  contained  in  this  document  are  those 
of  the  contractor  and  should  not  be  interpreted  as  necessarily 
representing  the  official  policies,  either  expressed  or  implied, 
of  the  United  States  Government. 
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Operation  of  th**  receiver  in  data-free  mode  imposes  some  constraints  on  the  overall  GPS  system. 
Principally,  the  data  cannot  change  unexpectedly.  Lf  it  does  when  the  receiver  is  operating  in  data-free 
mode,  the  receiver  will  undoubtedly  lose  lock  and  reacquisition  will  be  necessary.  Thus  the  receiver 
controller  must  keep  track  of  the  current  message,  the  system  time-of-day,  and  the  time  of  expected 
message  changes,  being  careful  not  to  operate  in  data-free  mode  across  a  message-to-message  boundary. 

Analysis 

Having  described  the  concept  and  benefits  of  data-free  operation  m  general  terms,  we  will  next  illus¬ 
trate  the  reduction  in  signal-to-noise  requirements  that  can  arise  from  its  use.  This  analysis  will  be 
based  on  the  performance  of  a  non-coherent  delay-locked  loop  (NG  1)1.1 .)  that  is  rate  aided  by  a  Doppler  - 
t racking  loop.  A  comparison  will  be  made  between  the  signal-to-noise  required  for  the  specified  GPS 
range  accuracy  under  normal  operating  mode,  and  the  signal-to-noise  required  for  the  same  accuracy  in 
data-free  mode,  where  a  phase-locked  loop  is  used  in  place  of  the  Costas  loop.  Reduction  in  signal-to- 
noise  requirements  for  other  receiver  functions  are  described  elsewhere.* 


Fig.  1.  Diagram  of  a  non-coherent  delay-locked  loop. 


A  diagram  of  the  NCDLL  is  given  in  Fig.  1.  Here  the  input  signal  is  given  by: 


x(t)  =  >*r2S  •  PUN  (t  -  X)  •  data  (t  -  X) 


sin(u.'Qt  4  <>  (t)  1  4  nit) 


where  X  is  the  delay  to  be  estimated  by  the  loop.  The  feedback  shift  register  generates  the  pseudo¬ 
random  noise  ( PRN)  sequence  which,  together  with  the  data,  is  modulating  the  received  carrier.  We 
have  included  a  "velocity  aiding"  input  which  can  include  rate  information  from  the  carrier  tracking  loop 
and/or  an  inertial  measurement  unit,  if  available. 

The  specified  satcllite-to-user  GPS  range  measurement  accuracy  of  1.5  m  corresponds  to  an  rms  de¬ 
lay  error  of  .05  chips.  This  delay  error,  aCl  is  composed  of  two  components:  the  first,  at n>  is  due  to 

input  noise,  while  the  second,  a€(j,  is  due  to  user  dynamics.  Thus,  the  total  rms  delay  error  is  given  by: 


T<  =  ( 


o~  +  a2  ) 
n  ‘d 


1/2 


GUI  has  analyzed  the  NCDLL  and  shown  that  the  rms  delay  jitter  caused  by  input  noise,  is  given  by: 
o 

T r  =  {l<Noc/2S)  4  (Noe/S)2  Rw'  BLC>1/2  chi>,s  • 


(1) 


(2) 


where  Lc  is  the  chip  length  (30  m),  Bw  is  the  predetection  filter  bandwidth  (50  Hz  4  fs)  and  Bj  ^  is  the 
one-sided  noise  bandwidth  of  the  loop.  From  equation  (2)  it  is  clear  that  the  narrower  the  loop  noise 
bandwidth,  Bw>,  the  better  the  tracking  performance  for  a  fixed  S/N^  ratio.  However,  the  loop  band¬ 
width,  Blc,  is  bounded  from  below  by  user  dynamic  motion. 
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We  first  analyze  the  receiver  operation  in  normal  (i.e.,  not  data-free)  mode.  If  the  NCDLL  were 
operating  on  its  own.  with  no  aiding  aside  from  the  carrier  frequency  estimate  from  the  Costas  loop  oscil¬ 
lator.  the  next  step  in  the  analysis  would  involve  establishing  a  model  of  the  user  dynamic  motion,  and 
determining  the  loop  bandwidth  which  provides  the  required  a(  with  a  minimum  (S/Noe).  However,  we 
hive-  already  stated  that  a  velocity  reference  signal  from  the  Costas  loop  can  be  introduced  into  the 
NCDLl,  at  the  aiding  node.  Then,  the  dynamic  motion  which  the  NCDLL  must  track  is  effectively  the  dif¬ 
ference  between  the  user  dynamics  and  the  reference  signal  from  the  Costas  loop.  In  fact,  because  the 
optimal  Costas  loop  bandwidth  is  significantly  higher  than  the  NCDLL  bandwidth  in  this  configuration,  the 
user  dynamics  are  effectively  eliminated  by  the  Costas  loop. 

On  the  surface,  this  would  suggest  that  the  loop  bandwidth  is  no  longer  bounded  from  below,  and  could 
be  made  as  small  as  desired.  However,  the  Costas  loop  does  not  track  the  carrier  perfectly.  Cycle 
slips  in  the  Costas  loop  aiding  signal  become  the  dominant  difference  between  the  user  dynamics  and  the 
reference  signal;  the  NCDLL  bandwidth  must  be  wide  enough  to  accommodate  them.  Thus,  we  must 
jointly  optimize  the  Costas  loop  bandwidth,  which  determines  the  cycle  slips  in  the  velocity  reference, 
and  the  NCDLL  bandwidth  to  achieve  the  specified  total  delay  jitter  with  the  minimum  required  signal-to- 
noise  ratio. 

The  Costas  loop  bandwidth  Blp,  the  signal-to-noise  ratio,  S/Noe,  and  the  user  dynamics  determine 
the  frequency  of  cycle  slips  occurring  in  this  loop.  The  NCDLL  must  track  the  cycle  slips  well  enough  to 
prevent  excessive  delay  error  and  hence  ranging  error.  Before  we  can  analyze  the  receiver  in  detail,  we 
must  specify  the  user  dynamic  environment  and  develop  a  model  for  the  dynamic  error  in  a  tracking  loop 
caused  by  these  dynamics. 

In  the  high  performance  tactical  aircraft  application,  one  can  expect  that  the  user  velocity,  accelera¬ 
tion,  and  jerk  will  have  bounds  given  approximately  by: 

V  «  900  m/s 

max  ' 

A  <50  m/s2 

max  ' 

J  <  100  m/s5  .  (3) 

max  '  ' 

We  will  use  a  sinusoidal  model  for  the  user  dynamics,  where  the  amplitude  of  the  sinusoid  is  bounded  by 
Ik].  (3).  Thus,  if  the  user  position  sinusoid  is  to  have  angular  frequency  ui,  then  the  user  position,  veloc¬ 
ity,  acceleration,  and  jerk  are  given  by: 

pit)  4  P  cos  (wt) 

vlt)  =  —w  P  sin  (jt) 

alt)  =  —  w  P  coc  (wt) 

jit)  =  w3Psin(wt)  .  (4) 

The  bounds  in  Kq.  (3)  may  be  applied  to  Eq.  (4),  with  the  resulting  bound  on  P  [defined  in  Eq.  (4) |  as  a  func¬ 
tion  of  u>. 

Pmajj^)  =  min  [900/w,  50/u.-2,  100/^i3]  (in  meters)  .  (5) 

Costas  phase-tracking  loops  with  linearized  third-order  transfer  functions  are  chosen  in  order  to  meet  the 
criterion  that  there  be  no  steady-state  error  to  user  accelerations.  The  closed-loop  response  of  an  opti¬ 
mized  third-order  loop  is  given  by.3 


f  |g)BLs2  +  (H>B^  +  (fff)B3  1 

^  ls3  +  (f)BLs2  +  (||)B2s  +  (f||)B3| 


where  is  the  one-sided  noise  bandwidth  of  the  loop. 

This  response  relates  input  phase  (i.e.,  position)  to  output  phase  (i.e.,  position).  The  transfer  func¬ 
tion  from  the  loop  input  to  the  error  node  is  given  by: 


[1  Ills,  Bl)]  =  3  12.  2  .72.  -2  ,216.  ITT  '  <7) 

Is  +  (  5  )  BLS  +  <25*  BLS  +  (125*  BL  * 

The  peak  signal  at  the  error  node,  for  a  sinusoidal  user  position  input,  P  •  cos(wt),  is  given  by: 

ed  (w,  BL)  =  P  •  |l-  Hljw,  B,  )|  .  (8) 

max 

Thus,  using  Eq.  (5)  we  may  obtain  the  peak  signal  at  the  error  node  with  the  specified  dynamics,  as  a  func¬ 
tion  of  frequency. 


<-•  V  =  M  -  HU-.  bl>I 


(9) 


1*4 


Hence,  the  peak  error  with  the  given  loop  bandwidth  may  be  found  as  the  maximum  of  Kq.  (9)  over  all  *>. 

ed  (B,  )  =  max  |ed  (u>,  Bj  )1  =  max  [  l*max(-?)  *  I  1  “*  Bj  )  | )  .  (10) 

umax  '  a)  l  max  '  * 

Kquations  (5)  and  (7)  ire  substituted  into  Kq.  (9)  and  computer  plots  are  made  of  (edmax(*j;»  BlJl  for  var¬ 
ious  .*>  and  Bj  .  This  dynamic  error  may  be  converted  to  radians  (33.5  radians/m  at  1600  MHz)  to  obtain 

a  'c*  the  phase  error  due  to  user  dynamics  in  the  Costas  loop.  We  find,  then,  that 
4>d 

'"leJ  =  m0  BU» 

a  -  838  B."p 

<fd  I-' 

Note  that  the  peak  value  of  tile  sinusoidal  error  is  used  instead  of  the  rms  value,  because  the  user  sinu¬ 
soidal  dynamics  may  have  iuite  low  frequencies. 

Viterbi4  has  shown  that  for  a  first-order  coherent  phase-locked  loop,  w  ith  no  input  dynamics,  the 
frequency  of  cycle  slips  is  given  by: 


radians  ;  "  >  Bj^p  >  2.3  Hz 


radians  ;  2.3  Hz  ^B^  p  >  .056  Hz 


111) 


f  = 
s 


AK 

T  2 

2»  n  I ‘(nr) 


(12) 


where  AK  is  the  gain  of  the  proportional  control  term  in  the  loop  filter  of  the  phase-locked  loop,  IQ  is  the 
zero-th  order  modified  Bessel  function,  and 


«  4  l/[n'l>))2  ,  (13) 

V 

where  a  *p'  is  the  rms  phase  jitter  calculated  from  a  linearized  phase-locked  loop  model.  By  analogy, 
for  the  Costas  loop  (including  input  dynamics  and  the  factor  for  the  doubled  frequency)  we  apply  the  same 
result  using 


«'il/l^Cl|2  .  ,14> 

where  is  the  rms  phase  jitter  of  the  Costas  loop.  This  jitter  is  due  in  part  to  the  dynamic  loading, 

Kq.  (11),  and  in  part  to  the  noise,4*  as  given  below. 

=  {f(Noe/Sl>  +  <Noe/Sl,Z  (Hw/2)!  bLB>1/2  radians  (15) 

v  n 

where  Si  is  the  effective  input  signal  power  to  the  Costas  loop,  which  is  a  function  of  the  delay  jitter  of  the 
delay-locked  loop  [Si  *  (1  -  ut)2  S),  Bw  is  the  predetection  filter  bandwidth,  and  Blp  is  the  one-sided 
noise  bandwidth  of  the  Costas  loop. 

Combining  the  dynamic  and  noise  contributions  and  applying  Kq.  (14),  we  obtain 


=  .25  {[(N^/Sj)  *  (BWA)  (Noe/S,)2)  Bhp  ♦  3.764  X  10b  B^p}'1 


Now,  since  from  Kq.  (6), 


AK=(^)  . 

we  obtain  the  desired  expression  for  fs 

12  B 


f  = 


T.l’ 
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which  is  a  function  of  S/Noe  and  B]  p.  in  fact,  for  a  given  S/Noe  we  may  minimize  fs  by  proper  choice 
of 

The  NCDLE  must  track  the  cycle  slips  from  the  Costas  loop  in  order  that  the  dynamic  loop  error  not 
be  beyond  specification.  The  cycle  slips  represent  steps  in  delay  to  the  NC DLL.  Assume,  as  a  worst 
case,  that  the  cycle  slips  are  all  in  the  same  direction  for  some  period  of  time.  The  rise  time  of  the 
NCDLL  is  given  approximately  by  (1/2  Blc).  where  H[x'  is  the  one-sided  code  loop  bandwidth.  Thus  the 
loop  error  will  be  the  total  delay  generated  by  half  the  cycle  slips  which  occur  in  time  (1/2  Blc>-  Hence, 
the  error  is  that  represented  by  (fs/4  BLc>  slips.  Each  slip  represents  half  a  cycle  at  1600  MHz  (the 


Costas  loop  tracks  a  double  frequency).  This  half  cycle  is  .09*1  in.  or  .0031  I’-eode  chips.  Thus,  the 
code  loop  tracking  error  is  given  by: 


(.003  1)  f 

•'  "u* 


ehips 


U9) 


Substituting  Kq. ( 19)  and  Kq.  (2)  into  Kej.  (1),  we  obtain: 


(.003  1)  f 

s 

•'"ic 


2  /  ;  2  p/2 

I  !(Noo/2S)  t  (SO  l  fs)  (N00/S)-l  K,  » 


chips 


(20) 


YVc  s « *  t  Kvv  SO  t  fs  to  allow  for  cycle  slips  in  the*  predetection  filter  bandwidth. 

The  required  S/Nol»  for  a  given  degree  of  e*e.xie*  tracking  can  be  determincii  as  follows.  A  trial  value 
of  (St/Noc)  is  substituted  into  Kq.  (1H),  and  Ki.|>  is  chosen  to  minimize  t's.  K\\  is  set  to  SO  It/,  for  the 
first  iteration  of  this  calculation.  The  obtained  value  of  fH  is  substituted  into  Kq.  (20),  and  H| is  chosen 
to  minimize  the  (S/N0e)  required  for  the  desired  value  of  <», .  The  initial  trial  value  of  (Sj/Nol»)  is  adjusted 
using  the  obtained  value  of  (S/Nqc)*  The*  iteration  is  continued  until  (S/Noc*)  convergers. 


If  this  procedure  is  followed  for  the  basic  CITS  receiver,  not  operating  in  data -free  mode,  we  can  cal¬ 
culate  the  S/Noc  requirement  for  maintaining  code  accuracy  by  setting  Kq.  (20)  equal  to  .OS  chips,  which 
corresponds  to  the  specified  ranging  accuracy  of  i.S  m  (10  Mil/.  30  m).  The  result  of  the  iterative  solu¬ 
tion  is  S/Nqp  19  dll  •  Hz,  with  H|  j»  1H  Hz  and  Hj  (•  0.093  Hz.  Similarly  we  can  obtain  the  operating 

point  for  code  lock  using  crt  .3  chips,  obtaining  S/Noe  13  dll  *  Hz,  H|,|»  11  Hz  and  H|,c  0.20  Hz. 


We  have  already  qualitatively  described  the  basis  for  improved  performance  in  data -free  mode.  To 
make  a  quantitative  assessment  we  must  determine  the  effects  of  the  receiver  changes  that  become  pos¬ 
sible  in  tills  mode. 


Kirst.  we  have  explained  earlier  that  a  phase-locked  loop  can  be  used  for  carrier  tracking  instead  of 
a  Costas  loop.  Since  the  rms  phase  jitter  at  the  output  of  a  phase-locked  loop,  caused  by  input  noise,  is'* 


,  N  H 


/  oe  l,P 

l  S, 


radians 


(.’1) 


we  use  this  expression  in  place  of  Kq.  (IS),  in  an  equivalent  analysis  to  the  one  above.  Note  that  the  sec¬ 
ond  term  in  the  brackets  of  Kq.  ( l‘>)  is  no  longer  present.  Since  this  term  is  comparatively  large  when 
Sf/N0„  is  small,  this  change  to  the  receiver  has  a  significant  effect  on  tlu*  signal-to-noise  requirements. 
In  addition,  the  phase-locked  loop  tracks  a  single,  as  opposed  to  a  double,  frequency;  as  .i  result  the  lock 
threshold  is  significantly  lowered  (the  time  jitter  can  be  twice  as  large  before  a  cycle  slip  occurs). 

Second,  the  predetection  bandwidth  of  the  ctxle  loop  can  be  narrowed  from  (H\\  SO  \  fSj)  to 
0'\\  2  f.,;  ,)  where  f ?  and  fH.  arc  the  frequencies  of  cycle  slips  in  (he  Costas  loop  and  phase-locked  loop, 

respectively. 

if  the  analysis  above  is  repeated  with  these  modifications  for  the  data-frec  mode,  we  conclude  that 
for  code  accuracy  we  require  S/Noc  =  1*1  dH  •  Hz.  H,  r  16  Hz,  and  U\x'  0.057  llz.  l  or  ccxle  lock. 

S/ N0c'  7  dH  •  Hz,  H|  ,|»:  4  1  llz,  and  K|,(/  .079  Hz.  Thus  there  is  a  5  dU  reduction  in  tlu*  signal-to- 

noise  required  to  meet  the  ranging  accuracy  specification,  and  a  6  dH  reduction  for  code  lock. 

It  is  also  important  to  comment,  on  the  equivalent  improvements  that  can  be  obtained  when  data-ftve 
operation  is  coupled  with  velocity-aiding  by  an  inertial-measurement  unit  (IMH).  If  an  1  Ml  with  an  accel¬ 
erometer  scab*  factor  error  of  .002  is  used,  the  dynamics  which  the  carrier  loop  must  track  are  effec¬ 
tively  reduced  by  a  factor  of  .002,  allowing  narrower  loop  bandw  idth  and  higher  noise*  tolerance.  The 
carrier  tracking  is  then  improved  and  the  carrier  loop  ran  then  aid  the  code  loop  at  lower  signal-to-noise' 
levels. 

Quantitatively,  the  noise  immunity  obtained  with  IMH  aiding,  both  in  and  end  of  dnta-frer  mode*,  is 
shown  in  Table  l  (together  with  the  previously  described  results).  In  fact,  this  table*  can  serve*  as  a  sum¬ 
mary  of  all  results  eh'volopcd  here*.  It  is  clear  that  elata-fre*e*  operation  significantly  reeluoos  the1  signal- 
to-noise  requirements  w he"* never  it  is  used. 


i 
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TABLE  I 

SUMMARY  OK  RECEIVER 

RIXJUIRKMENTS 

Receiver  Operating 
Conditions 

Receiver  Requirements 

Uata-Kree 

Operation 

IMU  Aiding 

Range 

Range  Rate 

(Yes  or  No) 

(Yes  or  No) 

Item 

Ix>ck 

Track 

Ix>ck 

Track 

No 

No 

S/N  (dB  •  Hz) 

13 

19 

27 

33 

H,p  (Hz) 

11 

18 

27 

33 

B,  (.  (Hz) 

.£0 

.093 

Yes 

No 

S/N^B  ’  *lz) 

7 

14 

20 

33 

Blp  (Hz) 

11 

16 

22 

33 

B[t.  (Hz) 

.079 

.057 

No 

Yes 

S/N  (dB  •  Hz) 
oe 

7 

13 

19 

24 

Bj  p  (Hz) 

1.0 

2.1 

3.5 

4.2 

H1.C  <IIz) 

.017 

.010 

Yes 

Yes 

S/Noe(dB  •  Hz) 

3 

4 

11 

24 

Bu>  (Hz) 

1.0 

1.7 

2.7 

4.2 

Blt,  (Hz) 

.0074 

.0073 

REFERENCES 


1.  L.  L.  Horowitz  and  J.  It.  Sklar,  *ECM  Vulnerability  of  the  GPS  User  Iteceiver  in  a  Tactical  Environ¬ 
ment,"  Lincoln  l.aboratory  Project  Report  XR-1  (7  May  1976). 

2.  VV.  J.  Gill,  "A  Comparison  of  Binary  Delay-Lock  Tracking-Loop  Implementations,"  I.E.E.E.  Trans, 
on  Aerospace  and  Electronic  Systems,  Vol.  AES-2,  No.  4  (July  1966)  pp.  415-424. 

3.  U.  Jaffe  and  E.  Rechtin,  "Design  and  Performance  of  Phase- Lock  Circuits  Capable  of  Near-Optimum 
Performance  Over  a  Wide  Range  of  Input  Signal  and  Noise  Levels,"  I.  E.  E.  E.  Trans,  on  Information 
Theory.  Vol.  IT-1  (March  1955)  pp.  66-76. 

4.  A.  J.  Viterbi,  Principles  of  Coherent  Communication.  McGraw-Hill,  New  York  (1966). 


INTEGRATION  OF  GPS  WITH  INERTIAL  NAVIGATION  SYSTEMS 


l‘>  I 


by 

Duncan  B.  Cox,  Jr. 

The  Charles  Stark  Draper  Laboratory,  Inc. 
555  Technology  Square 
Cambridge,  Massachuset ts  02139 


SUMMARY 

GPS  navigation  systems  can  be  utilized  for  extremely  accurate  navigation  without 
the  use  of  auxiliary  sensors.  However,  when  the  vehicle  being  navigated  is  undergoing 
dynamic  rotation  and/or  translation,  an  inertial  navigation  system  can  be  combined  with 
a  GPS  navigation  system  to  provide  improvements  in  navigation  performance  and  antijam 
performance  over  what  could  be  achieved  with  either  system  alone.  This  paper  describes 
various  techniques  that  can  be  utilized  in  the  design  of  an  integrated  GPS-inertial 
navigator  to  achieve  these  improvements,  particularly  for  applications  to  tactical 
fighter  aircraft.  The  degress  of  implementation  complexity  of  the  techniques  and  the 
degrees  of  improvement  in  performance  are  indicated  qualitatively.  Some  of  the  techni¬ 
ques  are  new  and  not  yet  fully  developed,  but  may  prove  useful  in  future  applications 
where  performance  is  particularly  important. 

1.  INTRODUCTION 

The  state  of  the  art  in  inertial  navigation  has  been  under  development  for  over  two 
decades,  is  widely  utilized  in  military  and  civilian  applications,  and  is  well  documented 
in  the  technical  literature.  On  the  other  hand,  the  NAVSTAR  Global  Positioning  System 
(GPS)  has  been  under  development  for  a  much  shorter  period  and  has  not  yet  been  utilized 
to  a  significant  extent  in  practical  applications.  With  the  publication  of  this 

AGARDOGRAPH ,  and  a  forthcoming  special  issue  of  NAVIGATION ^  ,  and  with  reference  to 
a  host  of  government  reports,  conference  papers,  and  journal  articles,  the  state  of 
current  GPS  technology  will  be  quite  well  documented.  Because  of  the  many  desirable 
features  of  GPS,  it  is  very  likely  to  be  utilized  world-wide  in  a  very  large  number  of 

practical  applications'  '  . 

In  some  applications,  e.g.,  for  tactical  aircraft,  the  combination  of  an  inertial 
navigation  system  (INS)  and  the  GPS  offers  particular  advantages,  and  integrated  GPS-INS 
systems  are  being  developed  to  capitalize  on  these  advantages.  Early  integrated  systems 
will  be  achieved  by  integrating  GPS  navigators  with  existing  INSs.  These  integrated 
systems  will  exploit  the  synergism  between  the  GPS  and  inertial  subsystems,  but  because 
these  INSs  have  not  been  designed  for  integration  with  GPS  hardw.ro,  exploitation  may  be 
only  partial.  Eventually,  GPS  subsystems  and  INS  subsystems  will  be  designed  for 
optimal  integration  and  the  synergism  will  be  realized  more  completely  in  the  integrated 
systems . 

Integration  of  GPS  and  INS  subsystems  with  other  subsystems  such  as  JTIDS^, 
will  also  occur  in  the  future.  Although  more  and  more  complex  functions  will  be  able 
to  be  optimized  via  future  digital  computing  power,  it  is  likely  that  the  major  hardware 
and  software  subsystems  on  tactical  aircraft  will  remain  substantially  autonomous. 
Maintaining  subsystem  autonomy  will  take  advantage  of  the  enhanced  reliability  and 
maintainability  associated  with  such  architectures  and  the  steady  reductions  in  costs  of 

local  processors  and  multiplexors^. 

This  paper  addresses  the  techniques  and  benefits  of  functional  integration  of  GPS 
and  inertial  subsystems.  The  discussion  is  primarily  in  the  context  of  applications  to 
tactical  fighter  aircraft,  where  INSs  are  widely  employed  already,  but  the  principles 
discussed  are  valid  for  a  wide  range  of  applications.  References  are  provided  for 
background  information. 

2.  BENEFITS  OF  INTEGRATION 

GPS  is  expected  to  operate  in  a  stand-alone  configuration  in  a  benign  environment. 
However,  GPS  and  inertial  navigation  systems  have  complimentary  features  which  can  be 
exploited  in  an  integrated  system  to  create  synergistic  improvements  in  navigation 
performance.  The  improvements  are  most  pronounced  when  the  GPS  s ignal -to-noi se  rat  ios 
are  low  and  the  vehicle  is  undergoing  high-dynamic  maneuvers. 

As  long  as  vehicle  dynamics  or  noise-to-signal  ratios  are  not  excessive,  the  GPS 
receiver  can  provide  pseudorange  and  pseudorange-difference  data  which  can  be  used  for 
estimating  errors  in  position  and  velocity,  and  certain  other  error  parameters  ot  the 
INS  and  of  the  GPS  receiver  clock.  The  estimates  of  INS  error  parameters  allow  INS 
navigation  with  substant ial ly  smaller  errors  than  could  be  achieved  with  either  a  GPS 
navigator  or  an  INS  alone.  On  the  other  hand,  the  INS  is  able  to  provide  accurate 
"aiding"  data  on  short-term  vehicle  dynamics  to  the  GPS  receiver.  Ry  utilizing  those 
aidinq  signals  to  effectively  reduce  the  dynamics  of  the  siqnals  to  be  tracked,  the  GPS 
receiver  can  maintain  relatively  low  trackinq  bandwidths  and  can  withstand  relatively 
high  noise-to-s  iqnal  ratios,  perhaps  due  to  high  levels  of  jamming.  The  INS  signals  can 


also  be  used  as  a  basis  for  pointing  narrow-beam  antenna  patterns  at  the  GPS  satellites, 
thereby  also  reducing  the  effects  of  jamming.  When  noise-to-signal  ratios  become  so 
high  that  tracking  of  GPS  signals  is  impossible,  the  INS  is  capable  of  navigating 
independently.  The  accuracy  of  independent  INS  navigation,  and  also  the  accuracies  of 
the  aiding  signals  mentioned  above,  are  enhanced  by  the  use  of  the  previously  derived 
estimates  of  INS  error  parameters.  When  GPS  signal  conditions  improve  sufficiently  to 
allow  tracking,  the  INS  provides  data  on  initial  position,  velocity,  and  acceleration 
for  use  in  reacquiring  the  GPS  codes  and  carriers  quickly.  The  INS  also  provides  data 
for  use  in  adapting  the  tracking-loop  parameters  co  varying  conditions  of  signal  dynamics 
and  s ignal- to-noi se  ratios,  thereby  improving  the  ability  of  the  tracking  loops  to 
acquire  and  maintain  lock  on  the  GPS  signals.  In  this  fashion  the  GPS  and  INS  systems 
can  be  made  to  help  each  other  to  achieve  better  performance  than  could  be  achieved  with 
either  system  alone. 

3.  DESCRIPTION  OF  STAND-ALONE  GPS  AND  INERTIAL  SYSTEMS 

Because  a  variety  of  stand-alone  INSs  are  currently  in  use  and  some  GPS  receivers 
are  being  configured  for  stand-alone  operation,  it  is  instructive  to  examine  briefly 
these  stand-alone  systems  in  preparation  for  showing  how  systems  with  varying  degrees  of 
integration  might  logically  evolve  from  them. 

Figure  1  shows  several  important  functional  elements  of  stand-alone  GPS  and  inertial 
navigation  systems,  and  of  some  ancillary  systems  typically  appearing  on  tactical 
fighter  aircraft. 


GPS  NAVIGATION  SUBSYSTEM 


GPS 

ANTENNAS 

AND 

PREAMP 


OTHER  SUBSYSTEMS 

FIRE  CONTROL 
FLIGHT  CONTROL 
ETC. 


INERTIAL  NAVIGATION 
SUBSYSTEM 


CONTROLS 

& 

DISPLAYS 


GPS 

OSCILLATOR 
SYNTHESIZER 
AND  CLOCK 


ALTIMETER 
AIR  DATA 
AHRS.  ETC 


Figure  1.  Stand-alone  GPS  and  inertial  navigation  systc 


The  inertial  measurement  unit  (IMU)  provides  from  its  accelerometers  three  axes  of 
time-integrated  acceleration  (specific-force)  information  in  a  reference  (usually 
local-level,  wander-azimuth)  coordinate  frame  which  is  stabilized  by  its  gyroscopes 
(gyros).  Current  tactical  aircraft  utilize  gimballed  platforms  wherein  the  accelerom¬ 
eters  and  gyros  are  mounted  on  a  stable  platform,  oriented  accurately  by  gimbal-cont rol 
loops  on  the  basis  of  information  supplied  by  the  gyros. 


An  alternative,  "s trapdown" ,  mechanization  is  also  possible,  wherein  the  accelerom¬ 
eters  and  gyros  are  mounted  on  a  nonstabil ized  structure  attached  to  the  frame  of  the 
aircraft.  Data  from  the  strapdown  gyros  are  used  for  determining  the  orientations  of 
the  accelerometers  as  they  vary  with  aircraft  attitude.  The  IMU  transformation  processor 
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speed  the  strapdown  accelerometer  data  into  the 
and  is  not  present  in  a  stabilized-platform  mechaniz- 
developed  that  can  provide  accurate  long-term  naviga- 
the  aircraft's  attitude,  strapdown  IMUs  are  likely 
they  are  candidates  for  future  integration  with  GPS 


The  stabilized  accelerometer  data  are  supplied  to  the  navigation  processor.  Data 
from  an  altimeter  and  from  other  auxilliary  sensors  are  also  supplied.  INS  mechaniza¬ 
tion  algorithms  in  the  navigation  processor  propagate  the  standard  inertial  navigation 
equations  at  a  high  rate  (10  -  50  Hz)  and  supply  torquing  commands  to  the  gyros  (in 
the  stable-platform  mechanization).  The  INS  mechanization  algorithms  also  accomplish 

gyrocompassing  for  preflight  alignment  of  the  inertially  stabilized  frame'5-15,  17*. 


The  INS  navigation  processor  may  also  incorporate  Kalman  (or  less  optimal)  filter 
algorithms  for  improved  in-flight  estimation  of  such  variables  as  position,  velocity, 
altimeter  bias,  misalignments  of  stabilized  axes,  and  gyro  drift-rate  biases,  on  the 
basis  of  data  from  external  sources.  Examples  of  such  external  data  ate  visual  position 
fixes  by  the  pilot,  radar  fixes,  Loran  fixes,  Doppler  radar  data,  etc.  The  Kalman 
filter  algorithms  require  substantial  execution  time,  but  because  the  errors  of  the 
unaided  INS  grow  slowly  in  comparison  to  the  vehicle  dynamics  the  Kalman  filter  correc¬ 
tions  need  be  incorporated  only  infrequently.  The  design  of  the  navigation  filter 
algorithms  and  the  performance  of  INSs  that  are  aided  by  auxiliary  sensor  data  have 

been  reported  extensively  in  the  literature'11-32*.  The  INS  mechanization  and  filter 
algorithms  may  be  incorporated  in  a  single  navigation  processor  as  suggested  by  Figure  1, 
or  in  separate  processors. 

The  main  functional  elements  of  a  possible  stand-alone  GPS  navigation  subsystem  are 
shown  on  the  left-hand  side  of  Figure  1.  The  heart  of  the  subsystem  is  the  GPS  receiver 
which  amplifies  and  filters  the  GPS  radio  signals,  correlation-detects  and  tracks  the 
carriers  and  codes,  and  correlation-detects  the  GPS  satellite  data  modulations.  The 
GPS  control  processor  controls  the  moding  of  the  receiver  so  as  to  accomplish  acquisition, 
tracking,  etc.,  and  generates  estimates  of  certain  signal-processing  parameters.  The 
antennas  feeding  the  receiver  can  be  simple  ones  with  broad  beam  patterns  covering  the 
different  regions  of  the  space  around  the  aircraft,  or  they  can  be  capable  of  beam 
steering  or  null  steering,  in  which  case  an  antenna  control  processor  is  needed. 

The  GPS  control  processor  assembles  the  pseudorange  and  delta-pseudorange  data  from 
the  receiver  and  passes  it  on  to  the  GPS  navigation  processor.  The  navigation  processor 
receives  the  GPS  data  and  auxiliary  sensor  data  and  provides  extended  Kalman  filter 
estimates  of,  e.g.,  position,  velocity,  and  acceleration  of  the  aircraft,  time  offset 
and  frequency  offset  of  the  GPS  user  clock,  and  altimeter  bias.  The  unaided  (stand¬ 
alone)  GPS  navigation  filter  must  incorporate  new  GPS  data  somewhat  more  frequently  than 
the  aforementioned  INS  Kalman  filter  incorporates  INS  data  because  the  aircraft 
dynamics,  rather  than  the  relatively  mild  INS-error  dynamics,  must  be  modeled  in  the 
unaided  GPS  navigation  filter.  All  measurements  must  be  accurately  time  tagged, 
particularly  if  measurements  to  different  satellites  are  made  sequentially,  rather 
than  simultaneously.  The  navigation  solution  is  delivered  to  pilot  displays  as  well 
as  to  other  subsystems  such  as  fire  control  and  flight  control. 


A  new  GPS  navigation  solution  may  be  desired  as  often  as  every  100  ms,  but  the 
complete  solution  of  one  cycle  of  an  11-state  extended  Kalman  filter  by  the  GPS  naviga¬ 
tion  processor  generally  requires  substantially  more  time,  on  the  order  of  5  seconds  for 
one  existing  design.  In  that  design  the  covariance  matrix  and  the  gain  matrix  are 
computed  every  several  seconds  and  the  last  gain  matrix  is  used  for  incorporation  of  new 

data  more  rapidly,  about  every  300  ms,  until  a  new  gain  matrix  is  computed'33,3**. 

The  result  is  a  reasonable  compromise  between  processor  cost  and  navigation  performance. 
In  addition,  the  design  provides  a  unified  procedure  for  incorporating  new  GPS  data  from 
the  different  tracking  loops  and  for  accounting  for  occasional  lapses  in  data.  Such 
lapses  are  expected  to  occur  whenever  aircraft  orientations  are  unfavorable  for  reception 
of  satellite  signals. 


A  prime  function  of  the  unaided  GPS  Kalman  filter  is  to  incorporate  more  than  the 
minimum  GPS  data  required  for  a  navigation  fix  and  thereby  to  minimize  the  effects  of 
random  measurement  errors.  But  many  of  the  measurement  errors  are  correlated  in  time, 
and  the  effects  of  severe  aircraft  dynamics  tend  to  dwarf  the  effects  of  the  random 
error  components.  It  is  possible  that  simpler  deterministic  solutions  for  position  and 
time  and  for  velocity  and  frequency  from  the  pseudorange  and  pseudorange-difference  data 
may  prove  to  be  advantageous  in  some  applications  where  speed  of  response  or  computational 

simplicity  are  prime  considerations'35,3®*.  But  algorithms  for  propagating  the 
navigation  solution  through  occasional  lapses  in  GPS  data  must  still  be  provided. 
Regardless  of  the  computational  techniques  employed,  the  unaided  GPS  navigation  solution 
under  high-dynamic  conditions  will  always  exhibit  very  large  velocity  errors  in  comparison 
to  what  can  be  achieved  with  an  integrated  GPS-inertial  system. 
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The  operation  of  the  GPS  receiver  is  described  in  detail  in  accompanying  articles 
in  this  AGARDOGRAPH  and  in  other  references*^  40)  _ 

In  the  remainder  of  this  paper,  various  means  of  integrating  the  GPS  and  inertial 
subsystems  in  order  to  obtain  improved  performance  will  be  discussed.  Integration  of 
the  navigation  filters  will  be  discussed  first.  Then  the  discussion  will  cover  aided 
acquisition,  aided  tracking,  and  adaptive  tracking.  Finally,  antenna  control  will 
be  described  briefly.  Each  of  these  functional  integrations  requires  implementation  of 
data  transfer  and/or  data  processing  functions.  These  additional  functions  and  the 
structure  of  an  integrated  system  are  illustrated  in  Figure  2.  This  figure  gives  an 
indication  of  the  degree  of  increase  in  complexity  associated  with  the  integration 
functions  that  are  designed  to  provide  increased  performance.  The  increase  in  complexity 
is  offset  to  a  degree  by  the  opportunity  to  consolidate  navigation  filters,  and  common 
functions  such  as  controls  and  displays.  It  should  be  stressed  that  the  system  should 
be  capable  of  reconfiguration  to  stand-alone  GPS  or  inertial  navigation  systems  in 
the  event  of  failure  of  key  GPS  or  INS  components. 

4.  INTEGRATED  GPS-INERTIAL  NAVIGATION  FILTERS 

The  simplest  way  to  integrate  the  stand-alone  GPS  and  inertial  subsystems  is  to 
provide  a  channel  for  delivering  the  position  and  velocity  data  from  the  GPS  navigation 
solution  to  the  INS  navigation  processor.  The  INS  software  could  simply  reset  its 
mechanization  algorithms  to  the  positions  and  velocities  specified  by  the  GPS  navigation 
processor.  However,  this  procedure  suffers  from  the  relatively  large  errors  made  by  the 
unaided  GPS  navigation  filter  in  the  presence  of  severe  aircraft  dynamics,  from  the 
failure  to  estimate  several  observable  IMU  error  parameters,  and  from  the  lack  of 
resolution  of  the  typical  INS  mechanization  algorithms. 

Subs tant ial ly  better  navigation  accuracy  can  be  obtained  by  supplying,  with  proper 
GPS-INS  time  tags,  raw  GPS  data  and  data  from  the  INS  mechanization  algorithms  (together 
with  auxiliary  sensor  data)  to  an  integrated  GPS-inertial  navigation  filter  as  illustrated 
in  Figure  2.  The  integrated  navigation  filter  supplies  Kalman  estimates  of  a  combined 
set  of  GPS-INS  error  parameters,  e.g.,  3  positions,  3  velocities,  3  misalignments  of  the 
inertially  stabilized  frame,  3  gyro  drift  rates,  1  time,  1  frequency,  1  altimeter  bias,  and 
1  altimeter  scale  factor.  These  estimates  of  error  parameters  are  used  as  infrequent 
updates  to  the  INS  mechanization  algorithms,  which  in  turn  provide  frequent  estimates  of 
position,  velocity,  and  acceleration  of  the  vehicle  on  the  basis  of  data  from  the  IMU. 

The  number  of  error  states  to  be  mechanized  is  dependent  upon  the  desired  error-update 
rate,  the  processing  power  available,  and  the  number  of  significant  error  sources 
to  be  encountered.  Because  the  INS  system  errors  grow  so  slowly,  in  comparison  with  the 
rate  of  growth  of  uncertainties  in  vehicle  dynamics  without  the  benefit  of  IMU  measure¬ 
ments,  the  update  rate  of  the  GPS-INS  navigation  Kalman  filter  can  be  much  slower  than 
that  for  the  unaided  GPS  navigation  filter  while  still  obtaining  substantially  superior 
results  (particularly  in  estimation  of  velocity).  However,  there  is  still  the  problem 
associated  with  execution  of  the  high-order  Kalman  algorithms  at  the  desired  rate.  A 
variety  of  approximation  techniques  are  employed  to  ease  the  computation  burden. 
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Figure  2. 


Structure  for  integrated  GPS  inertial  navigation  system. 
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The  INS  mechanization  equations,  updated  by  the  GPS-INS  navigation  filter,  can  be 
used  for  accurate  INS  navigation  during  periods  when  GPS  is  unavailable.  The  in-flight 
estimation  of  IMU  alignment  and  other  INS  error  parameters  made  possible  by  the  earlier 
availability  of  GPS  improves  the  accuracy  of  INS  navigation  when  GPS  is  not  available. 

The  quality  of  the  IMU  must  be  sufficient  to  meet  the  requirements  of  stand-alone  INS 
navigation  under  these  circumstances. 

For  best  performance,  the  integrated  GPS-inertial  system  should  utilize  INS  data 
with  resolutions  consistent  with  GPS  accuracies,  i.e.,  finer  than  the  resolutions  of 
data  from  typical  stand-alone  INSs.  The  needed  increase  in  resolution  can  be  achieved 
through  modification  of  the  INS  mechanization  algorithms  or  by  utilizing  raw  IMU  data  in 
separate  high-resolution  algorithms  for  inertial  extrapolation  between  GPS  updates. 

The  integrated  system  navigation  filter  can  be  implemented  in  the  GPS  navigation 
processor  or  in  the  INS  navigation  processor  of  Figure  1.  Consideration  should  be 
given  to  allowing  the  configuration  to  revert  to  a  stand-alone  navigator  with  only  GPS 
or  only  INS  inputs  (together  with  other  auxiliary  sensor  inputs),  in  case  there  is  a 
failure  in  the  GPS  or  INS  equipment.  Because  of  continued  progress  in  increasing  the 
reliability  of  digital  processors,  it  makes  sense  in  some  applications  to  implement  the 
GPS,  INS,  and  integrated  GPS-INS  Kalman  navigation  algorithms  in  a  single  processor  as 
suggested  by  Figure  2.  This  option  should  be  considered  when  designing  a  system  for 
a  new  aircraft  where  the  INS  is  not  already  resident. 

5.  AIDED  GPS  ACQUISITION 

When  the  GPS  subsystem  is  jammed,  or  otherwise  inactive,  navigation  can  proceed  on 
the  basis  of  the  INS  (and  auxiliary  aids)  only.  The  INS  will  perform  well  because  its 
error  parameters  will  have  been  previously  calibrated  in  flight  when  the  GPS  subsystem 
was  operating.  Nonetheless,  the  unaided  INS  errors  will  gradually  grow,  and  GPS  updates 
should  be  used  as  soon  as  they  are  available.  When  the  GPS  signals  again  become  usable 
the  INS  navigation  solution  can  act  as  an  aid  to  direct  reacquisition  of  the  GPS 
codes  and  carriers.  The  time-tagged  INS  navigation  solution  and  covariance  estimates 
together  with  estimates  of  clock  errors  and  covariances,  are  used  to  generate  esti¬ 
mates  of  pseudorange,  pseudorange  ratfe,  and  search  regions  in  time  and  frequency.  In 
this  way  the  INS  not  only  provides  navigation  during  outages  but  also  greatly  shortens 
the  time  required  for  reacquiring  the  GPS  signals  after  they  again  become  usable.  The 
improved  calibration  of  the  GPS  clock  made  possible  by  inertially  aiding  the  GPS  naviga¬ 
tion  solution  also  supports  the  reacquisition  process. 

6.  AIDED  TRACKING 

Useful  GPS  data  is  obtained  only  while  the  carrier-tracking  and/or  code-tracking 
loops  are  locked  onto  the  desired  signals.  When  any  tracking  error  becomes  too  large, 
the  correlation  detector  becomes  excessively  nonlinear  and  its  effective  gain  is  accord¬ 
ingly  lowered.  Progressive  increases  in  the  tracking  error  and  attendant  reductions  in 
the  detector  gain  lead  to  a  complete  loss  of  lock  and  to  a  complete  loss  of  that  compo¬ 
nent  of  the  GPS  data. 

Loss  of  lock  can  occur  because  of  excessive  tracking  error  in  response  to  radio 
noise,  perhaps  due  to  jamming.  Lowering  the  loop  bandwidth  lowers  the  noise-induced 
tracking  error,  but  also  acts  to  increase  errors  in  response  to  dynamics  in  the  pseudo¬ 
range  variable  that  is  to  be  tracked.  These  dynamics  can  be  due  to  vehicle  dynamics, 
to  oscillator  dynamics,  and  to  perturbations  in  the  propagation  path.  By  utilizing  the 
IMU  to  measure  the  short-term  signal  dynamics  due  to  translation  and  rotation  of  the 
vehicle  and  by  supplying  the  IMU  data  as  an  aiding  signal  to  the  tracking  loop,  the 
tracking-error  components  due  to  vehicle  dynamics  can  be  substantially  reduced.  With 
reduced  errors  due  to  vehicle  dynamics,  the  bandwidth  of  the  loop  may  be  reduced  to 
further  attenuate  jamming.  Hence,  IMU  aiding  of  the  tracking  loops  increases  the 
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antijamming  margins  of  the  tracking  loops  in  dynamic  environments' 

Generally,  aiding  signals  are  introduced  as  shown  in  Figure  3,  where  r  is  the  time 
delay  to  be  tracked,  ?is  the  estimated  value  of  r,  and  r^/Kp^  is  an  aiding 

signal.  Alternatively,  with  exactly  the  same  effect  on  the  detected  error  signal  D(r-  r) , 
the  aiding  signal  r  ^  could  be  added  to  the  feedback  signal  as  shown  by  the  dotted 

line  in  the  figure.  If  ^  were  subtracted  from  the  input  r  instead  of  being 

added  to  the  feedback  signal  ?,  its  effect  on  the  output  of  the  detector  would  be  the 
same.  Hence  the  effect  of  aiding  is  to  make  the  loop  track  an  effective  pseudorange 
signal  5  (r  -  ra^).  The  IMU  can  supply  an  aiding  signal  that  matches  the 

high-frequency  components  of  r  quite  well  so  that  r-  faid  contains  smaller  high- 

frequency  components  than  r .  Then,  with  aiding,  the  bandwidth  of  the  loop  can  be 

lowered  in  order  to  attenuate  jamming  noise  while  still  maintaining  linear  operation  of 
the  detector. 

In  order  to  avoid  loss  of  lock,  the  tracking  error  of  each  carrier-tracking  loop 
should  be  kept  well  within  the  small  value  of  0.1  ft  (phase-locked)  or  0.05  ft  (Costas). 

In  order  to  provide  this  accuracy  with  narrow  tracking-loop  bandwidths  during  high- 
dynamic  maneuvers  of  tactical  aircraft,  aiding  velocity  signals  must  be  delivered  from 
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the  IMU  to  the  carrier  loops  very  frequently,  on  the  order  of  every  10  ms,  and  transport 
delays  must  be  accounted  for.  Because  data  are  generally  not  available  from  the  INS 
mechanization  algorithms  this  frequently,  the  aiding  data  should  be  obtained  directly 
from  the  IMU,  or  from  its  strapdown  processor,  as  shown  in  Figure  2. 


Figure  3.  The  use  of  an  aiding  signal  in  a  tracking  loop 

Transport  delays  can  occur  in  the  implementation  of  the  tracking  loop  as  well  as  in 
the  implementation  of  the  aiding  algorithms.  The  aiding  signal  for  each  loop  is  generally 
a  series  of  increments  at  each  of  which,  when  implemented  at  some  accurately 
specified  time  in  the  fut9£e  as  the  frequency  command  to  the  loop  over  an  interval  -it, 
represents  the  predicted  change  Sr  in  the  signal  to  be  tracked  over  that  interval.  Past 
values  of  acceleration  and  attitude  data  from  the  IMU  are  used  as  inputs  to  an  extrapola¬ 
tion  algorithm.  The  output  of  the  extrapolation  algorithm  is  the  predicted  Sr,  which  is 
delivered  to  the  tracking  loop.  The  extrapolation  algorithm  can  be  very  simple,  but 
should  be  repeated  very  frequently,  every  10  ms,  or  so  for  each  carrier  loop.  Because 
the  code-loop  tracking  errors  can  be  on  the  order  of  tens  of  feet,  much  larger  than  the 
allowable  carrier-loop  errors,  the  problems  of  transport  lags  and  sampling  periods  are 
relatively  insignificant  for  code-loop  aiding.  Velocity  information  from  the  INS 
mechanization  algorithms  may  be  used  for  aiding  the  code  loops. 

The  parameters  for  the  coordinate  transformation  and  scaling  of  the  translational 
aiding  data  can  be  obtained  from  the  integrated  navigation  filter,  as  shown  in  Figure  2. 
These  parameters,  relating  to  the  bearings  of  lines  of  sight  to  the  GPS  satellites,  and 
relating  to  the  orientation  of  the  gyro-stabilized  accelerometer  frame,  change  slowly 
and  need  to  be  updated  only  infrequently.  With  these  parameters  being  known,  the 
incremental,  gyro-stabilized,  accelerometer  data  are  scaled  and  transformed  into  changes 
in  velocities  along  the  lines  of  sight.  The  transformation  parameters  for  attitude  data 
must  be  obtained  from  the  IMU.  Then  incremental  attitude  data  from  the  IMU  are  trans¬ 
formed  into  changes  in  ranges  from  the  antenna(s)  to  the  satellites.  The  transformations 
of  data  on  translations  and  rotations  are  simple,  but  must  be  performed  rapidly  with 
proper  time-tagging. 

The  transformation,  scaling  and  extrapolation  functions  for  inertially-aided  GPS 
tracking  require  special  software  not  needed  for  the  unintegrated  systems.  These  will 
be  warranted  in  some  applications  because  of  the  resulting  improvement  in  antijam 
performance . 

In  high-dynamic  maneuvers  of  tactical  aircraft,  the  effects  of  acceleration  on  the 
frequency  of  the  GPS  crystal  oscillator  can  be  a  significant  cause  of  residual  tracking 
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error  in  inertially  aided  code  or  carrier  tracking  loops'  ' .  The  frequency  shifts 

appear  as  pseudorange-rate  inputs  to  all  the  tracking  loops  and  are  not  directly 
detectable  by  the  IMU.  Specifications  for  currently  available  crystal  oscillators  are 

_  Q 

no  lower  than  10  /g,  which  is  equivalent  to  a  pseudorange  rate  input  of  l(ft/s)/g. 

For  a  code  loop  operating  with  a  time  constant  of  30  seconds,  a  2-g  input  to  such  an 
oscillator  would  lead  to  a  60-ft  tracking  error  in  addition  to  other  dynamic  error 
components.  Hence  the  oscillator  sensitivity  limits  antijamming  performance  of  the  code 
loops.  It  affects  the  antijamming  performance  of  IMU-aided  carrier  loops  too,  especially 
during  high-jerk  maneuvers.  Fortunately,  it  appears  that  crystal  oscillator  assemblies 

with  sensitivities  below  lO'^/g  are  on  the  horizon^®*. 

IMU  errors  also  limit  the  antijam  performance  of  aided  code  and  carrier  tracking 
loops.  For  the  carrier  loops,  care  must  be  taken  to  keep  tracking  errors  due  to  attitude 
errors,  bending  modes,  etc.,  to  less  than  about  0.1  ft,  with  loop  response  times  of 
about  0.5  s,  or  less,  during  severe  attitude  maneuvers.  With  one  milliradian  attitude 
errors,  a  lever  arm  length  of  much  less  than  100  ft  would  not  be  a  problem,  but  structural 
flexure  between  the  antenna  and  the  IMU  could  be  a  problem.  Either  gimballed  or  strapdown 
IMUs  are  capable  of  supplying  sufficiently  accurate  attitude  data  in  most  applications. 

For  the  gimballed  IMUs  the  pacing  requirement  is  on  the  accuracies  and  update  rates  of 
the  gimbal  angle  encoders.  References  (44-45)  provide  quantitative  data  on  the  effects 
of  a  variety  of  error  sources  on  the  performance  of  IMU-aided  carrier  loops  under 
jamming  and  with  high  dynamic  maneuvers.  Improvements  of  10  dB  or  so  in  AJ  performance 
can  be  achieved  through  inertial  aiding  of  carrier  loops. 
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For  aiding  the  code  loops,  the  ability  of  the  INS  to  measure  dynamic  translational 
motions  sufficiently  accurately  so  that  tracking  errors  are  much  less  than  100  ft  with 
loop  response  times  on  the  order  of  1-100  s  is  the  dominant  requirement.  Only  high- 
quality  stable-platform  IMUs  are  currently  capable  of  successfully  aiding  code  loops 
with  time  constants  on  the  order  of  100  s  during  high-dynamic  tactical  aircraft  maneuvers. 
The  code-loop  time  constant  determines  the  ultimate  antijam  margin.  Hence,  the  antijam 
performance  of  the  integrated  GPS  inertial  system  will  be  strongly  dependent  upon  the 
accuracy  of  the  IMU  over  the  full  range  of  accuracy  of  available  designs.  This  conclusion 
is  true  to  an  even  greater  extent  when  navigation  performance  after  loss  of  lock,  and 
reacquisition  performance  under  moderate  jamming,  are  considered. 

Aided  tracking  loops  provide  GPS  data  that  are  corrupted  to  some  extent  by  the 

aiding  signals.  This  corruption  has  been  reported  in  the  literature^*^  as  sometimes 
leading  to  problems  of  instabilities  in  navigation  algorithms  designed  to  receive  pure 
GPS  data,  and  some  solutions  have  been  proposed.  Because  the  aiding  signal  r  is  effec¬ 
tively  high-pass  filtered  by  the  tracking  loop,  subtracting  a  similarly  high-pass 
filtered  version  of  the  aiding  signal  from  the  output  of  the  aided  tracking  loop  is  an 
alternative  approach  to  this  problem.  Some  extra  hardware  or  software  is  required  for 
creating  the  high-pass-f il ter  function. 

Aided  code  loops  will  have  very  long  time  constants  in  order  to  maximize  anti-jamming 
performance.  When  the  time  constants  are  longer  than  the  sampling  period  of  the  naviga¬ 
tion  filter,  the  data  samples  will  be  correlated.  Prewhitening  filters  have  been  imple¬ 
mented  in  some  designs  to  reduce  the  correlations  and  thereby  to  improve  the  performance 
of  the  Kalman  navigation  filter. 

7.  ADAPTIVE  TRACKING 

When  the  conditions  of  signal  dynamics  and  jamming  noise  are  such  that  maintaining 
lock  is  difficult,  choosing  the  tracking-loop  parameters  to  optimize  performance  is 
important.  Because  the  conditions  usually  cannot  be  predicted  in  advance,  the  parameter 
adjustment  is  best  done  adaptively.  The  availability  of  data  from  an  IMU  greatly 
facilitates  the  adaptation  process,  as  indicated  in  Figure  2. 

The  best  values  for  the  parameters  of  each  loop  are  dependent  upon  the  dynamic 
model  for  the  effective  pseudorange  =  (r  -  being  estimated  (tracked)  by 

the  loop,  the  signal-to-noise  ratio,  and  the  covariances  of  the  tracking  loop's  estimates 
of  the  model  states.  In  an  integrated  GPS-inertial  system,  data  from  the  INS  can  be 
used  directly  to  determine  the  time-variable  parameters  in  a  model  of  the  effective 
pseuodrange  dynamics.  Data  from  the  INS  can  also  be  used,  together  with  data  from  the 
receiver  to  determine  the  signal-to-noise  ratio.  From  this  information,  together  with 
initial  values  for  covariances  of  the  tracking  error  states,  the  succeeding  tracking-error 
covariances  and  optimum  tracking  loop  parameters  can  be  calculated. 

Each  optimally  adaptive,  order,  tracking  loop  can  be  considered  as  a  Kalman 

filter  operating  on  noisy  measurements  of  r^,  which  is  generated  by  an  nth  order 

dynamic  process  model  with  white  noise  sources.  Once  the  model  is  characteir ized  adapt¬ 
ively,  the  optimal  tracking-loop  parameters  can  be  obtained  from  the  standard  Kalman 
algorithms.  For  example,  for  a  third-order  carrier  tracking  loop,  an  adequate  process 
model  might  be  rQ  =  v0,  vg  =  a0,  aQ  =  -ae/T  +  n j ,  where  nj  is  a  white 
noise  source  with  power  spectral  density  N ^ ,  and  T  is  the  correlation  time  jof  the 

acceleration  state.  The  variations  in  effective  pseudorange  dynamics  could  be  repre¬ 
sented  by  variations  in  N ^ . 


If  the  loop  is  unaided,  this  process  represents  the  full  pseudorange  dynamics. 

Then  accelerometer  and  attitude  outputs  from  the  IMU  can  be  used  to  designate  appropriate 
values  of  N^.  If  the  loop  is  aided  by  the  INS  the  process  represents  the  dynamics  of 

aiding  error.  Then  the  accelerometer  and  attitude  outputs  are  used  with  the  INS  and 
oscillator  error  models  to  obtain  appropriate  values  of  N..  For  example,  if  the 

uncertainties  in  alignments  of  the  stabilized  axes  are  10  milliradians  rms,  1  percent 
of  the  acceleration  indicated  by  the  IMU  could  be  allocated  to  the  effective  pseudorange 
dynamics.  The  uncertainties  of  the  INS  parameters  will  vary  only  slowly  ( a|s  solutions 
of  the  navigation  filter),  but  the  accelerometer  and  attitude  data  can  vary  rapidly,  and 
must  be  converted  into  selections  of  values  for  N^  very  rapidly  so  that  the  loop  will 
be  able  to  adapt  itself  in  time  to  follow  high-jerk  dynamics.  The  algorithms  for 
selecting  values  for  N ^  must  be  very  simple  to  be  practical.  The  values  of 

should  be  appropriately  bounded  to  prevent  selection  of  excessively  large  or  small 
tracking-loop  bandwidths,  but  need  to  be  only  approximate  indications  of  levels  of 
dynamics  within  these  bounds.  For  a  first-order  aided  code-tracking  loop,  a  simple 
first-order  model  for  the  effective  pseudorange  dynamics  would  be  chosen. 

The  measurement  of  the  effective  pseudorange  by  the  code  or  carrier  detector 

is  corrupted  by  noise  nr.  The  power  spectral  density  Nr  of  n  also  is  needed  for 
deriving  the  optimum  tracking-loop  parameters.  The  value  of  Nr  is  proportional  to  the 

spectral  density  of  the  radio  noise  (perhaps  due  to  jamming)  divided  by  the'  signal 
power.  The  radio  noise  density  can  be  measured  directly  and  rapidly  by  the  receiver. 

The  signal  power  is  a  weak  function  of  the  angle  of  the  satellite  above  the  horizon  and 
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a  strong  function  of  the  attitude  of  the  aircraft.  By  utilizing  attitude  data  from  the 
IMU  and  the  known  antenna  patterns  of  the  vehicle,  the  signal  power  can  be  predicted. 

Since  the  signals  will  usually  be  at  full  power,  it  may  be  sufficient  to  characterize 
each  of  them  merely  as  present  or  absent.  Because  malfunctions  or  intervening  fixed 
structures,  such  as  mountains,  can  cause  unpredicted  blackouts  of  some  signals,  the 
receiver  must  also  estimate  the  signal  power  that  is  actually  received  from  each  satellite. 

But  this  estimate  requires  code  demodulation  and,  hence,  is  not  valid  when  the  code 

detector  range  is  exceeded.  It  also  depends  upon  the  parameters  of  the  measurement 

filter,  which  should  themselves  be  optimized  adaptively.  Although  the  response  time  may 

be  slow,  provision  should  be  made  for  the  signal  power  measurement  by  the  receiver  to 
provide  a  "signal-absent"  override  to  the  adaptive  algorithm,  and  to  satellite-selection 
and  navigation  algorithms.  The  values  for  N  should  be  bounded  so  that  unreasonably 
large  or  small  values  are  not  utilized. 


With  the  parameters  N^  (representing  effective  pseudorange  dynamics)  and  N 

(representing  measurement  noise)  determined,  Kalman  solutions  for  the  gains  in  the 
tracking  loops  can  be  obtained .  The  solutions  are  straightforward,  but  are  time  consuming 
when  performed  rapidly  enough  to  be  accurate  for  a  loop  with  wide  bandwidth.  Time- 
scales  approximation  techniques  have  been  applied  to  the  simplification  of  a  numerical 

solution  of  the  Kalman  equations  for  a  second-order  tracking  loop**"8',  thereby  providing 
a  practical  approach  to  that  part  of  the  real-time  adaptive  tracking  task. 


The  solution  for  optimum  tracking  loop  parameters  has  been  extended  to  cover  the 
effects  of  code-detector  nonlinearity  and  to  cover  the  possibility  of  also  varying  the 
code-detection  range  optimally  so  that  tracking  and  acquisition  can  be  handled  with 

improved  performance  by  a  single  adaptive  tracking  process. 


Improvements  in  antijam  performance  can  also  be  obtained  by  adaptively  varying  the 
predetection  bandwidth.  The  predetection  bandwidth  of  each  Costas  carrier-tracking  and 
incoherent  code-tracking  loop  can  be  varied  in  proportion  to  the  uncertainty  in  the 
effective  pseudorange  rate.  Each  bandwidth  should  be  large  enough  to  pass  the  carrier 
and  data  (if  present),  but  otherwise  should  be  as  small  as  possible  in  order  to  minimize 
signal  suppression  when  the  predetection  signal-to-noise  ratio  is  less  than  unity.  The 
improvement  in  performance  through  adaptation  is  most  pronounced  during  acquisition,  or 

when  the  code  loop  is  data-aided  so  that  its  predetection  bandwidth  can  be  small*43'. 

If  the  carrier  loop  is  in  lock,  the  predetection  bandwidths  of  the  carrier  loop  and  its 
associated  code  loop  should  be  proportional  to  the  frequency  uncertainty  of  carrier-loop 
tracking,  as  indicated  by  the  Kalman  adaptive  tracking  equations  for  the  carrier  loop. 
When  the  carrier  loop  is  not  in  lock,  and  both  the  carrier  and  code  loops  are  IMU-aided, 
the  much  slower  navigation  filter  solutions  for  uncertainties  in  clock  frequency  and 
vehicle  velocity  can  be  utilized. 


It  is  clear  that  the  availability  of  data  from  an  IMU  greatly  facilitates  the 
process  of  adapting  the  GPS  receiver  to  different  operating  conditions.  An  approach  to 
the  process  has  been  suggested  above.  However,  further  exploratory  development  work  is 
needed  to  develop  complete  sets  of  adaptation  algorithms  of  different  levels  of  complexity 
and  to  determine  their  performance  advantages  in  specific  applications. 

8.  ANTENNA  CONTROL 

In  order  to  enhance  the  antijam  performance  of  the  integrated  GPS  inertial  system, 

beam-pointing  antennas  can  be  employed*38'.  The  beams  must  be  pointed  at  the  GPS 
satellites  throughout  aircraft  maneuvers.  Control  for  the  beam  pointing  is  generated  on 
the  basis  of  data  from  the  IMU  on  the  attitude  of  the  vehicle  and  data  from  the  GPS 
navigation  processor  on  the  position  of  the  vehicle  with  respect  to  the  satellites. 

The  attitude  data  must  be  updated  rapidly  enough  to  allow  predictions  by  the  antenna 
control  processor  of  the  attitude  of  the  vehicle  with  errors  substantially  less  than  the 
beamwidth  during  all  attitude  maneuvers.  The  position  data,  used  to  calculate  the 
bearings  to  the  satellites,  need  be  updated  only  rarely. 

9.  CONCLUSION 

Benefits  and  means  of  integrating  GPS  and  inertial  systems  have  been  described. 
Emphasis  has  been  on  the  data  to  be  transferred  and  the  operations  to  be  performed  in 
attaining  varying  degrees  of  integration.  The  intent  has  been  to  provide  an  understanding 
of  the  mechanisms  and  degrees  of  complexities  involved,  and  to  provide  perspective  on 
the  technical  issues  that  are  involved  in  the  integration  problem.  References  have  been 
supplied  to  the  wealth  of  detailed  material  available  in  the  literature  on  this  topic. 

It  is  clear  from  the  discussion  that  very  substantial  performance  improvements  can 
be  obtained  through  integration  of  GPS  and  inertial  systems  in  comparison  to  what  can  be 
achieved  by  either  system  alone.  Some  of  the  improvements  are  only  achieved  through 
substantial  increases  in  system  complexity. 
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SUMMARY 

A  navigation  receiver  employing  the  Global  Positioning  System  (GPS)  navigation  satellites'  signals 
is  described  which  capitalizes  upon  initialization  at  the  launch  point  so  as  to  achieve  considerable 
Simplification  and  hence  low  unit  cost.  An  excellent  application  of  such  a  "mother- daughter"  design  is 
to  the  guidance  of  tactical  weapons  wherein  the  launch  facility  (ground  launcher  or  aircraft)  is  presumed 
equipped  with  a  full-capability  GPS  navigation  set  suitable  for  the  initialization  of  the  simplified 
receiver. 

Once  initialized  with  GPS  data  (satellite  orbital  parameters  and  clock  corrections)  and  synchro¬ 
nized  to  track  the  received  signals,  this  receiver  is  thereafter  fully  capable  of  autonomous  navigation 
including  signal  reacquisition  following  any  signal  outage  periods.  In  this  design  GPS  data  are  not 
received  from  the  satellites'  transmissions  and  hence  are  not  updated.  Consequently  mission  time 
following  launch  must  be  limited  to  no  more  than  an  hour  or  so  to  minimize  degradations  in  accuracy  - 
a  constraint  of  little  concern  in  most  tactical  applications. 


1.0  INTRODUCTION 

1.  1  GPS  Application  to  Navigation 

As  a  space-based  radio  navigation  system  NAVSTAR  GPS  is  an  attractive  aid  for  the  guidance  of 
tactical  weapons.  Weapons  using  GPS  guidance  will  provide  all-weather,  day-night  operation  and  will 
be  capable  of  world-wide,  rapid  response  operation. 

To  be  feasible  however,  a  tactical  GPS  system  must  be  inexpensive.  One  approach  to  achieve 
reduced  costs  of  an  expendable  receiver  and  associated  guidance  equipment  would  employ  the  GPS 
signals  in  a  retransmission  mode  for  precise  tracking  of  the  tactical  weapon  to  its  target. 1  However, 
such  a  mode  of  operation  sacrifices  some  of  the  major  advantages  which  GPS  guidance  can  offer.  A 
tactical  GPS  guidance  system  should  be  autonomous  (allowing  launch-and-leave  operation)  and  should 
serve  an  unlimited  number  of  users  simultaneously.  Finally,  GPS  guidance  is  passive;  it  should  not 
contribute  to  the  detection  or  tracking  of  the  weapon  by  the  defensive  forces.  The  retransmission 
mode,  with  its  necessary  tracking  and  command  links,  obtains  none  of  these  attributes. 

In  consequence,  the  retransmission  mode  is  rejected  as  a  means  to  low  cost  and  alternative 
methods  must  be  used  to  retain  the  principal  virtues  of  GPS  in  a  low  cost  receiver. 

A  GPS  receiver  navigates  by  making  direct  ranging  measurements  from  its  position  to  four  of  the 
eight-or-so  transmitting  satellites  in  view  at  any  time.  This  quadrilateration  is  necessary  because 
precise  GPS  time,  as  well  as  the  three  dimensions  of  user  position,  are  unknown.  The  ranging 
modulation  which  makes  this  range  measurement  possible  is  a  binary  pseudo- random-noise  code  applied 
to  the  satellites'  L-band  transmissions.  To  navigate  then,  the  receiver  need  only  perform  this  ranging 
measurement  and  know  precisely  where  the  satellites  are. 

The  satellites'  precise  positions  are  furnished  to  the  user  (the  receiver)  by  data  contained  in  a 
Navigation  Message  superposed  upon  each  satellite's  transmissions  in  another  modulation  far  removed 
in  frequency  from  the  ranging  modulation.  With  this  second  set  of  data,  and  a  reasonably  capable 
general  purpose  computer  to  complement  the  tracking  circuitry,  the  navigation  problem  may  be  solved 
to  present  accurate  three-dimensional  positioning  information  to  the  user. 

When  one  analyzes  the  above  summary,  a  few  complexities  are  found  which  require  a  typical  GPS 
receiver  to  be  capable  of  additional  specialized  functions.  Provision  must  be  made  for  initially 
searching  for  and  acquiring  the  satellites'  signals.  If  the  highest  precision  is  desired,  the  GPS 
receiver  must  directly  measure  systematic  errors  in  L-band  signal  propagation.  Furthermore,  the 
receiver's  computer  will  require  a  capability  to  select  the  optimum  four  satellites  (of  a  24- satellite 
system)  to  navigate  from  at  any  given  time.  Finally,  it  must  be  able  to  process  the  data  of  the 


*  This  work  was  sponsored  by  the  Air  Force  Armament  Laboratory,  Eglin  Air  Force  Base,  Florida, 
under  contract  F08635-76-C-0343. 
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to  record  information  or  dispatch  vehicles.  For  command  and  control  application,  the  location  infor¬ 
mation  is  fed  into  a  computer  whit  h  makes  decisions  based  on  the  input  location  information.  First, 
let's  discuss  the  location  only  uses  of  position  information.  In  the  case  of  fire  departments,  location 
information  can  be  expected  to  be  only  of  occasional  use.  Generally,  fire  equipment  remains  at  the 


Navigation  Message,  test  for  and  correct  errors,  and  update  its  own  files  when  these  messages  are 
updated  -  as  they  are  each  hour.  These  features  would  all  be  present  in  what  might  be  described  as 
a  full-up"  GPS  receiver/navigator. 

1. 2  Mother- Daughter  Approach  to  a  Low  Cost  GPS  Receiver 

Achievement  of  the  desired  tactical  GPS  receiver  cost  and  performance  goals  is  expedited  by 
capitalizing  upon  capabilities  which  will  exist  at  the  launcher  or  within  the  launch  aircraft.  These 
capabilities  are  used  to  effect  certain  prelaunch  functions  so  that  the  tactical  receiver  is  considerably 
simplified  as  compared  to  a  full-up  receiver.  In  addition,  the  receiver  is  rate-aided  by  an  inertial 
guidance  subsystem  integral  to  the  tactical  weapon.  Signal  tracking  performance  is  thereby  enhanced 
under  dynamic  conditions  (Figure  1). 

The  Mother-Daughter  handoff  of  signal  tracking  deletes  the  necessity  for  the  Tactical  Receiver 
to  carry  a  "Clea  r- Acquisition"  PN  code  generator  otherwise  needed  to  acquire  and  track  the  1  MHz 
C/A  code.  Instead,  only  the  10  MHz  P-Code,  used  to  achieve  the  precise  satellite  ranging  measure¬ 
ments,  must  be  generated  in  the  receiver. 

In  the  prelaunch  period  a  "Mother-Daughter"  philosophy  of  design  calls  for  the  launch  facility  or 
launch  aircraft  (the  "Mother")  to  acquire  and  track  the  desired  GPS  satellite  constellation.  The 
Mother  hands  off  the  GPS  signal  synchronization,  target  coordinates  and  all  needed  GPS  system 
parameters  to  the  Daughter  (the  tactical  GPS  receiver)  just  prior  to  launch.  This  approach  permits  a 
number  of  dramatic  simplifications  in  the  tactical  receiver.  For  example,  the  tactical  receiver  need 
not  carry  the  capability  to  choose  and  acquire  the  GPS  satellites,  and  it  need  not  extract  the  Navigation 
Message  which  is  superposed  on  each  satellite's  transmission.  Eliminating  the  requirements  to  carry 
the  GPS  almanac,  to  solve  satellite  selection  routines  and  to  process  Navigation  Message  data  permits 
a  great  reduction  in  receiver  computational  capacity.  Also,  a  coherent  carrier  tracker  ( Costas  phase 
tracker)  is  not  needed  for  extracting  the  50  Hz  Navigation  Message  from  the  satellites'  signals. 

Other  simplifications  achieved  in  the  tactical  receiver  will  be  described  later  following  a  review 
of  the  design  background  for  GPS  receivers. 

2.  0  TACTICAL  GPS  RECEIVER  DESIGN  BACKGROUND 


2.  1  GPS  Signal  Structure 

The  GPS  signal  is  basically  derived  from  a  very  stable  CW  source  to  which  two  bit  streams  are 
applied  by  phase  modulation.  The  bit  streams  are  in  phase  quadrature,  and  each  is  a  biphase  signal. 
The  modulation  will  be  described  in  more  detail  later  in  this  article  after  the  following  digression. 


Consider  a  geo- stationa ry  satellite  in  synchronous  earth  orbit  transmitting  an  L  band  (now  D  band) 
fixed-frequency  continuous  wave  signal  stable,  say,  to  1  part  in  10*^.  An  earth-based  receiver  should 
have  no  difficulty  in  receiving  and  phase  locking  to  this  signal  assuming  a  reasonable  link  power  budget 
has  been  provided.  Since  there  are  virtually  no  signal  dynamics  other  than  ionospheric  and  tropospheric 
aberrations,  and  no  modulation,  the  receiver  can  be  narrow  banded  with  limits  imposed  principally  by 
the  phase  noise(s)  generated  in  the  transmitter  and  the  receiver. 


Now  consider  the  satellite  in  a  circular  polar  orbit  at  half- synchronous  altitude,  such  that  its 
orbital  period  is  12  hours.  Locate  the  receiver  at  the  equator  such  that  the  satellite  passes  directly 
overhead  (zenith).  When  the  satellite  rises  into  the  field  of  view,  it  will  have  a  component  of  velocity 
toward  the  receiver  (positive).  As  it  passes  overhead  this  velocity  will  go  through  zero,  and,  as  it 
recedes,  the  velocity  component  will  become  increasingly  negative  until  the  satellite  sets.  The  apparent 
frequency  at  the  receiver  will  differ  from  that  which  the  satellite  is  transmitting  owing  to  the  doppler 
frequency  shift,  given  approximately  by  the  expression: 


where: 


f^  =  received  frequency 

f^  =  transmitted  frequency 


(1) 


V 

LOS 


relative  velocity  along  the  iine-of- sight  between  transmitter  and  receiver 


C  =  velocity  of  propagation  of  radio  waves 


• «-  —  *♦*»  a  honeful  trend. 


Add  it  ion  ally. 


the  bus  command  and  control  situation  can 


be  auto- 
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Mill,  an  »•.»  rth- bn  (tod  receiver  will  have  no  difficulty  in  phase  locking  thin  signal,  but  ah  yc*t, 
tbr  only  intormntion  derived  is  that  the*  satellite  in  in  orbit  and  in  transmitting.  If  a  proeision  f requeue y 
source  in  introduced  into  l hr  receiver  comparable  with  that  in  the  satellite,  the'  fivHt  genuine!}  unrful 
Pi'H  c  information  can  be  obtained,  viz..  ,  the  relative  velocity  between  the  transmitter  and  the* 
receiver.  This  is  the  beginning  of  a  navigation  solution.  In  1977.  the  first  satellite  transmitting  FPS 
signals,  the  N  IS-..,  yielded  the  plot  ot  the  measured  dopplcr  frequency  versus  time  seen  in  Figure  «!. 

I  lie  data  differ  somewhat  from  the  example  previously  cited,  in  that  a)  the  NTS-2  is  in  an  orbit  inclined 
<»  '  with  respect  to  the  equator  (rises  in  the  northwest  and  sets  in  flu*  southeast),  and  b)  the  tracking 
elation  was  actually  located  vl°  north  of  the  equator.  These  factors  produ*  e  the  observed  asymmetry 
in  the  dopplcr  plot.  Note  that  this  orbital  inclination  iiu  teases  the*  exposure  (useful  trac  king  time)  of  a 
given  satellite*  to  a  fixed  earth  based  observer  relative  to  a  polar  orbit. 

1  he  tracking  rec  eiver  for  the  above  results  was  designed  to  make  a  direc  t  1*  code  acquisition  of 
the*  F  PS  signals  Irom  the*  N  I'S-.*  satellite  and  to  remove  the  synchronous  biphase  !'  code  modulation 
( ranging  modulation)  to  permit  earner  tracking.  Not.*  that  while  the  P  code  modulation  permits  range 
measurement,  the  doppler  shift  of  (1  u*  carrier  provides  relative  velocity  data. 

One  should  not  dismiss  the  task  ot  direct  P  code'  acquisition  and  removal  of  the'  biphase  modulation 
too  lightly.  In  order  to  perform  these  func  tions  it  iN  necessary  to  synchronize  the  receiver-generated 
P  code  phase  and  phase  rate  with  the*  received  signal,  and  thereby  achieve  signal  correlation.  The  code 
phase*  error  must  he  less  than  100  nanoseconds  in  this  seven  day  long  code  segment.  When  correlation 
•  as  been  achieved,  and  the  data  referred  to  Universal  t'oordinatod  Time  (U  IV)  a  direct  range  measure- 
ln‘  ’■  f‘'  satellite  has  hern  made.  Figure  3  is  a  plot  of  range  to  the  NTS-.!  satellite  measured  at  the* 

:  auie  tracking  station  as  was  the  dopplcr  plot  ot  Figure  .!  (assuming  no  satellite  cloc  k  offset  from  U  IV). 

.’ .  Z  The'  Fodcs 


l  lu*  lq  carrier  sustains  two  pseudorandom  codes:  the*  clea  r/acquisit ion  or  C/A  code  and  the* 
precision  or  P  code,  as  well  as  a  navigation  message'. 

l-.ach  »»’de  is  a  hit  stream  ot  ones  and  zeros.  synchronously  modulated  onto  the  carrier  such 
that  a  .  ai  rier  phase  reversal  occurs  at  each  transition  from  a  one  hit  to  a  ;*.oro  hit  and  conversely  from 
a  .i-vo  hit  to  a  one  hit.  I  he  two  code*  ire  modulated  onto  the  carrier  in  phase*  quadrature*. 

iiice*  the  codes  are  pseudorandom,  each  contains  groups  of  two  ones,  three*  ones,  four  ones,  etc. 
an.i  like  .roups  ot  two  /.eros.  three  /eros.  four  .eros,  etc.  hcuco  lUove  are  periods  within  the  code 
w  .  re  the  c  arrier  phase  remains  constant  over  several  c  hips. 

The  F  A  code  is  a  Fold  code  ot  1023  chips  length,  clocked  at  1 .023  Mil;,.  Thus  its  epoch  time  is 
'  •  millisecond.  Note  that  dividing  the  carrier  Iq  by  the  C/A  clock  rate  reveals  l  M0  carrier  cycles 

(.  /A  chip.  A  receiver  is  thus  assured  of  I  M0  carrie*r  cycles  between  successive  phase'  reversals. 

A  code  is  ot  little*  interest  to  the  tactical  missile*  receiver,  since*  the'  primary  purpose  of  this 
■  ■  is  to  facilitate*  initial  signal  ac qulsition.  The*  tac  tical  user  is  privy  to  init iali/.at  ion  data  from  a 
rece  iver  which  is  already  tracking  the*  more  precise  P  code. 

*  P  C  ode  -  Tlu*  Time  Pomain 


!■'•**  I1  1  tUh*  is  a  very  long  code*  (.!('7  days)  which  has  been  divided  into  37  segments.  Twenty -four 
'’l  :  1,'; r‘*  ussigiw'el  to  the*  F  PS  satellites.  Mach  satellite'  transmits  a  7  day  segment  which  is  re*se*t  to 
its  initial  state  weekly  at  midnight  Saturday  U  IV.  The  chipping  rate*  (clock  rate)  of  this  code  is 
!i'-  •’  ‘W  .  whic  h  proeliu  e*s  only  IM  carrier  cycles  in  each  chip.  Figure  <«  is  a  representation  of  the 
i  ,j  P  si gna l  st  rue fu re. 


One  may  envision  tin*  carrier  as  a  sinusoidal  wave  form  with  180°  phase  reversals  at  P  chip 
'  *i:.  1 1  i  oils .  I  he  period  ot  each  P  chip  is  ^  //see  or  •  Og  nanoseconds  as  transmitted.  'Typically,, 

U\e  •*»•  ri od  ot  the  received  signal  will  \><  a  slightly  longer  or  shorter  than  that  transmitted,  owing  to  tlu* 
i ' ;  < : '  | *  •  ettec  t.  I  In*  receive  r  must  produce  a  replica  oi  the  cod*'  to  he  tracked  which  is  correct  both  in 
•!i.1;  .  ,  .i  .  m.  asurod  from  midnight  Saturday,  and  in  period.  This  calls  for  a  code  generator  which  can 
'  rapidly  slewed  to  the  proper  phase*  and  a  variable  clock  drive  (sometimes  called  Vt  F**)  whic  h  c  an  he 
cou(  rolle.  to  match  the  received  code  chip  period,  fine  may  also  view  the  change'  in  code  c  hip  period 
apparent  change  in  tin*  received  code  chipping  rate  or  code  frequency.  Kq.  I  applies,  using  tlu' 
tr  hi:  milted  code  chipping  rate  of  10,.’.  '  Mil/.  Since  it  is  known  that  there  are  P*  l  e  arlier  eve  les  in 

e  teh  e  1  ip,  the  eo.!  dopple'i*  is  of  the  l.  carrie'i*  dopple’i*. 


*  Oil,-  hit:,  are-  generally  referreel  to  as  e'ldps. 
VTT  Voltage  controlled  clock. 


The  l.j  carrier  frequency  shift  tan  be  seen  on  Figure  ^  to  exceed  4,000  Ur.  to  an  earth-fixed 
observer.  This  cor resjxmeis  te>  a  relative  line-of- sight  velocity  of  about  800  m/s  arising  from  combineel 
satellite  and  earth  motion.  A  receiver  mounted  in  a  typical  jet  aircraft  can  readily  sustain  an  additional 
800  m/s  velocity.  Depending  on  whether  the  aircraft  ts  approaching  the  SV  or  receding  from  it,  the  net 
l, OS  velocity  could  produce  a  doppler  shift  as  high  as  <8000  Hr..  Here  one  begins  to  see  the  dynamic 
aspects  of  the  tracking  requirement.  Obviously ,  both  carrier  and  code  can  sustain  rapid  dynamic 
changes.  For  the  tactical  mission,  the  tric  k  u*  to  be  able  to  handle1  such  signal  dynamic  s  under  heavy 
jamming  conditions. 


.1.4  l'  Code  -  The  Frequenc  y  IXimain 

It  is  of  interest  to  examine  the*  signal  spectra  in  the*  frequency  domain  before  addressing  the 
subject  of  jamming.  Figure  l  is  a  series  of  spectrum  analyzer  photos  which  show  the  J  X  distribution 

of  signal  energy  produced  by  the  pseudorandom  biphase  l'  code.  The  i  /A  code  is  omitted  for  clarity  of 
presentation. 

After  correlation,  that  in,  mixing  ot  the  received  signal  with  the  receiver-generated  replica  ol 
correc  t  phase,  an  IF  signal  is  developed,  as  shown  in  Figure  r* . 


The  pr»  cess  of  correlation  essentially  collapses  the  spread  spectrum  to  nearly  a  line  spectrum. 
It  the*  navigation  message*  data  hits  have  not  been  removed  from  the  11  signal,  the  "line*"  spectrum  will 
lu*  less  than  100  Hz  wide.  A  nominal  spectrum  width  of  tiO  11/  is  estimated,  based  on  the*  assumption 

that  the  data  hits  are  random,  and  the*  Fourier  trails  **rm  ot  the*  data  bit  sequence  is  also  a 

x 

dist  ribut  ion 


Interferenc  e  Resistance  of  c  i  1  'S 


lhe  simplest  form  of  interfering  signal  to  produce  (and  to  analyze)  is  a  non-coheront  continuous 
wave  interferenc  e  (i  Wl)  line  spectrum.  Suppose  that  an  in-band  c  \\  l  signal  is  processed  through  the* 
preselec  tion  filter,  low  noise  KF  amplifier  and  other  stage's  which  precede*  correlation  together  with  flu* 
i.'sire.1  lil'S  signals,  without  limiting.  At  the  point  ot  signal  correlation,  the  1  code  is  removed  trom 
the  carrier,  usuall\  in  a  double  balanced  miser,  F.t  fee  lively,  the  received  signal  is  multiplied  h\  the 
receiver  generated  I  code*  replica  and,  when  correlation  is  achieved,  tin*  demodulated  carrier  signal 
is  recovered  for  further  processing  as  previously  shown.  Note  that  the  afo  rementioned  non- cohe  rent 
v'Wl  signal  is  also  multiplied  by  the  P  code  replica.  Phis  action  spreads  the  i  \VI  line*  spectrum  to  a 
sm  x/x  distiilnitcd  signal  and  it  becomes  a  replica  of  the  receiver- generated  l ..  O.  spectrum.  I'lnis 
the*  power  in  the*  e  \\  l  signal  is  spread  over  .10  Mil.-.  I'lie  post  correlation  filter  bandwidth  is  narrow 
relative  to  20  MHz,  since  at  most,  it  need  only  pass  the  carrier  <  the  carrier  doppler.  If  *  l  0  Icllz 
hounds  the  carrier  doppler  extremes,  then  a  .*.1'  kHz  bandwidth  will  suffice*.  Thus,  only  the'  very  center 
ot  the*  now  spread  interfering  spec  trum  will  he  admitted  to  further  processing  stages,  and  it  appears 
as  noise  t>>  the  receiver.  In  this  step,  a  "processing  gain"  of  1000  (or  10  dH)  has  been  achieved.  It 
the  rec  eived  signal  could  ultimately  he*  proc  essed  through  a  l  Hz  filter,  a  processing  gain  ot  70  dH 
could  be  achieved,  whic  h  would  mean  tli.it  the  jamming  signal  is  suppressed  by  70  dlF 

Figure  7  is  useful  in  envisioning  the  overall  signal  levels,  noise*  levels,  and  jamming  levels  that 
a  receiver  can  expect.  Ihe  effective  receiver  noise  density  Noc  is  essentially  the  jamming  signal 
density  Jt)  when  heavy  lamming  is  present.  .lt,  is  the  jamming  power  divided  by  the*  spreading  width 
of  the  receiver-generated  I’  code  replica 

2.  t*  (Ode  Trac  king  in  a  OPS  Receiver 

The  P  code  foi  a  given  satellite  is  a  7  dav  long  segment  ot  a  much  longer  pseudorandom  sequence, 
clocked  at  10.23  MHz  rate'. 

Hot  the  value  ot  a  l  c  hip  ot  the  F  code  he  *1  .  and  the  value  of  a  "zero"  chip  he  l  If  the  base 
hand  »’  code  is  then  introduced  int»*  an  integrator,  the*  average  value  will  approach  zero,  since*  the'  code 
contains  almost  an  equal  number  of  tl's  and  I's.  If  this  code  is  multiplied  by  itselt  (or,  as  in  the*  case* 
ot  a  receiver,  by  a  replica)  without  phase  error,  then  a  maximum  average  dc  value  will  he  observed. 

It  the  «h  value  of  each  c  hip  is  unity,  then  time  integration  of  the  product  will  produce  a  value  equal  to 
the  number  ot  chips  in  the  integration  interval  Figure  8  is  a  simple  example*  based  on  a  very  short 
code.  For  the  P  code  parameters  integration  of  the  product  for  1  ms  will  produce  a  maximum  number 
equal  tu  10. 23  x  10'’  x  10*3  10.230. 

In  the  1 1  PS  system  the  navigation  message  bit  clock  rate  ot  '*0  bps  (70  ms.  )  affects  the  choice  ot 
integration  period,  Oeneral  purpose  receivers  must  limit  their  initial  integration  periods  to  fractions 
of  the  20  ms.  data  bit  periods  say  to  4  or  ms.  periods.  This  arises  from  the'  uncertainties  in  the' 
phase  and  the  phase  rate  of  the  receiver-generated  P  code  replica  relative*  to  the  receiveil  signal, 
which  exist  at  the  time  of  initial  signal  acquisition.  Once*  the  signal  has  be*en  acquirenl  and  is  being 
tracked,  these*  uncertainties  disappear,  and  the*  integration  period  can  he*  itu  reasenl  to  the'  data  bit 
period  of  20  ms.  If  the  sign  of  each  upcoming  <1.  ta  bit  was  known  in  advanc  e,  the  hits  could  he*  added 
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to  the  receiver-generated  replica  P  code  by  an  exclusive  OR  process  (as  they  are  in  the  satellite)  and 
the  integration  interval  could  be  further  increased,  subject  to  limitations  imposed  by  unpredicted 
receiver  dynamics. 


It  is  typical  to  insert  a  selected  code  phase  error  in  the  receiver-generated  replica  to  permit 
code  phase  tracking.  If  the  input  signal  is  split  into  two  channels  and  one  channel  is  operated  with  the 
receiver  code  displaced  1/2  chip  early,  and  the  other  channel  1/2  chip  late,  the,  when  the  signal  power 
in  both  channels  is  equal,  the  nominal  code  phase  is  correct.  Note  that  the  channel  integrators  will 
observe  correlation  for  only  1  /2  the  integration  period,  since  the  P  code  is  orthogonal  to  itself  when  it 
is  1  chip  in  error.  This  code  tracking  function  can  be  performed  as  indicated  with  two  channels 
operating  in  parallel,  or  sequentially,  by  alternately  presenting  a  receiver-generated  "early"  code  and 
then  a  "late"  code  to  the  correlator.  The  latter  configuration  is  termed  a  tau-dither  system. 

2.  7  Carrier  Tracking  in  a  GPS  Receiver 

Once  correlation  has  been  acnieved,  and  the  code  removed,  carrier  processing  can  be  undertaken. 
Typically,  in  the  more  general-purpose  GPS  receivers,  the  carrier  is  introduced  into  a  Costas  loop  to 
permit  demodulation  of  the  50  bps  navigation  message.  For  a  short  range  tactical  application,  the 
navigation  message  provides  valuable  data,  but  once  the  information  has  been  obtained,  the  modulation 
produces  undesirable  band  spreading  of  the  carrier.  This  is  especially  the  case  for  a  short  duration 
tactical  mission.  Without  the  message,  a  phase  lock  loop  could  be  employed  for  carrier  tracking, 
which  offers  up  to  6  dB  SNR  advantage  over  the  ordinary  Costas  loop.  One  may  postulate  a  data-aided 
system  wherein  the  navigation  message  is  stored  in  the  missile  receiver  and  demodulated  from  the 
carrier  along  with  the  code  -  thus  permitting  the  advantage  of  phase  lock  carrier  tracking.  Such  a 
tracker  would  have  to  be  capable  of  either  Costas  or  phase  lock  modes,  since  in  the  event  of  a  change 
of  data  in  mid-mission  the  phase  lock  tracker  could  no  longer  sustain  signal  lock.  An  interesting 
alternative  approach  embodies  a  frequency  tracker  in  lieu  of  the  Costas  tracker.  Such  devices  have 
been  designed  as  incoherent  "energy  trackers.  "  Incoherent  in  this  context  means  that  signal  tracking 
can  be  performed  while  a  frequency  error  exists.  If  the  output  of  such  a  device  is  taken  to  be  pro¬ 
portional  to  the  relative  velocity  along  the  line-of- sight  from  the  receiver  to  the  satellite,  it  will  of 
course  exhibit  some  error  value.  At  the  GFS  Li  carrier  frequency  a  1  Hz  erior  is  equivalent  to 
0.2  m/s  velocity  error.  Such  a  system  produces  somewhat  degraded  accuracy  with  respect  to  Costas 
or  phase  lock  loops,  which  sustain  only  phase  errors,  but  no  frequency  errors.  *  The  other  side  of  the 
coin  favoring  the  frequency  tracker  approach  includes  certain  very  significant  advantages.  Dynamics 
which  can  cause  break  lock  in  phase  tracking  loops  cause  only  cycle  slips  in  a  frequency  tracker.  Such 
cycle  slips  contribute  tracking  error,  but  do  not  cause  loss  of  signal  tracking  unless  they  are  so  fre¬ 
quent  as  to  introduce  a  large  frequency  error.  Hence,  one  may  properly  conclude  that  the  frequency 
tracker  has  greater  tolerance  to  dynamics  ior  a  given  signal-to-noise  or  signal-to-jammer  ratio. 

The  ultimate  performance  of  the  frequency  tracker  depends  on  the  loop  bandwidth.  Inherently 
such  devices  can  be  designed  to  track  with  a  signal-to-noise  ratio  of  unity.  If  one  postulates  a  10  Hz 
bandwidth,  then  the  minimum  GPS  signal-to-noise  density  that  one  can  expect  to  track  is  10  dB-Hz. 

3.  0  TACTICAL  RECEIVER  PERFORMANCE 

3.  1  Signal  Dynamics  and  Tracking  Loop  Bandwidths 

A  receiver  tracking  a  GPS  satellite  signal  from  a  fixed  location  on  the  earth  will  experience 
limited  signal  dynamics  as  may  be  observed  in  Figure  2.  The  optimum  loop  bandwidths  should  be  quite 
narrow  owing  to  the  limited  rates  of  change  of  frequency  and  phase  of  the  carrier  and  code.  The 
narrower  the  loop  bandwidth,  the  more  jam  resistant  the  receiver  becomes.  If  the  earth  based  receiver 
is  installed  in  an  aircraft  capable  of  high  dynamics,  its  optimum  loop  bandwidths  will  no  longer  be 
adequate  for  signal  tracking.  If  the  aircraft  dynamics  could  be  furnished  to  the  receiver  in  advance, 
appropriate  compensation  could  be  provided,  and  narrow  loop  bandwidths  could  be  maintained.  One 
approach  to  predicting  dynamics  is  to  employ  an  inertial  sensor  to  furnish  velocity  change  data.  With 
such  inputs,  the  receiver  needs  only  to  have  loop  bandwidths  wide  enough  to  accommodate  the  residual 
errors  in  the  inertially  derived  predictions,  which  will  tend  to  approach  the  optimum  loop  bandwidths 
for  the  ground  based  receiver. 

An  important  hardware  savings  is  also  available  to  the  tactical  receiver  through  the  utilization  of 
the  inertial  guidance  subsystem  (IGS)  on-board  the  missile.  Depending  upon  the  quality  of  the  IGS  the 
tactical  receiver  hardware  may  be  further  reduced  by  limiting  the  number  of  receiver  trackers.  Fewer 
than  four  tracking  channels  can  be  time  shared  among  the  requisite  four  satellites  to  be  tracked.  This 
sequential  tracking  of  satellites  necessitates  a  reacquisition  of  a  given  satellite's  signal  during  each 
sequencing  period,  and  therefore  presupposes  rather  accurate  dead  reckoning  capability  from  the  IGS 
of  a  maneuvering  vehicle.  Obviously,  this  design  problem  presents  a  classic  trade  study  between 
numbers  of  receiver  tracking  loops  (cost  of  electronics)  and  quality  of  the  IGS  (cost  of  inertial 
instruments). 


* 


In  Costas  trackings  systems  uncompensated  clock  errors  will  in  fact  produce  velocity  errors  when 
tracking  data  are  converted  to  state  vector  representation. 


Mb 

As  a  final  note  one  may  observe  that  the  combination  of  a  GPS  receiver  with  its  precision 
position  and  velocity  measuring  ability  with  an  inertial  sensor  whose  basic  measurements  are 
accelerations,  provides  a  truly  synergistic  relationship. 

3.2  Tactical  Receiver  System  Integration 

Further  hardware  savings  in  the  tactical  receiver  are  achieved  by  relying  upon  the  Mother 
receiver  to  make  direct  measurements  of  ionospheric  propagation  delay  corrections.  The  Mother 
receiver  will  track  satellite  signals  on  two  different  L-band  frequencies  and  perform  a  delay  difference 
measurement  to  calibrate  this  effect.  The  results  will  be  available  to  the  Daughter  so  that  the  tactical 
receiver  does  not  have  to  carry  the  hardware  for  receiving  a  second  1,-band  channel.  Figure  9  depicts 
the  partitioning  of  Mother- Daughter  receiver  functions. 

In  spite  of  the  simplifications  discussed  above,  the  tactical  receiver  still  requires  a  significant 
amount  of  supporting  computation  and  logical  decision-making.  It  is  necessary,  therefore,  to  control 
the  receiver  with  a  general  purpose  computer.  For  this  purpose  any  of  several  contemporary  micro¬ 
computers  are  quite  adequate.  This  computer  will  not  only  perform  receiver  control  computations, 
but  will  also  form  the  data  interface  between  the  receiver  and  the  rest  of  the  missile's  avionics  system. 

From  the  receiver's  viewpoint  the  data  interface  involves  transferring  position  and  velocity  data 
in  "GPS  coordinates",  i,  e.  .  ranges  and  range  rates  along  the  lines  of  sight  (l.OS)  to  the  satellites. 

The  computer  obtains  these  measured  data  from  the  receiver  and,  in  turn,  rate-aids  the  receiver  by 
sending  to  it  velocity  changes  along  each  LOS  as  resolved  from  independent  data  supplied  by  the  IGS. 

To  use  (and  to  supply)  these  Gl’S-oriented  data  the  computer  performs  the  GPS-to-geographic  coordinate 
conversions.  Such  conversions  require  continuous,  precise  knowledge  of  the  satellites'  positions  and 
other  miscellaneous  GPS  data  and  hence  the  computer  must  perform  the  orbital  computations  for  the 
satellite  constellation  being  tracked. 

3.  3  Tactical  Receiver  Navigation  Accuracies 

The  inherent  navigation  accuracies  of  the  simplified  tactical  GPS  receiver  approach  those  of  the 
GPS,  i,  e.  ,  an  average  8  to  11  meter  spherical  error,  worldwide,  24  hours-a-day.  Table  1  shows  the 
GPS  error  budget  which  leads  to  this  performance  figure  (References  2,  3,  (>).  For  a  sequential 
tracking  tactical  receiver  ranging  accuracy  is  poorer  and,  presuming  the  missile  flies  up  to  60  minutes 
with  the  same  satellite  constellation,  the  GDOP  will  change  giving  rise  to  greater  error  contributions.  * 
Obviously,  the  extent  of  the  latter  error  is  dependent  upon  flight-time,  the  constellation  initially  chosen 
and  even  upon  the  direction  of  the  flight.  The  atmospheric  delay  error  will  also  grow  with  time  of  flight 
since  after  launch  the  propagation  correction  can  only  be  modeled  in  the  tactical  receiver's  computer. 

The  tactical  receiver's  ranging  error  measurement  may  be  degraded,  in  a  time-averaged 
statistical  sense,  by  assumptions  of  an  occasional  loss  of  signal  tracking,  followed  by  a  search  and 
reacquisition.  The  Tactical  GPS  Guidance  system  does  have  a  signal  search  and  reacquisition 
capability  permitting  mission  scenarios  wherein  the  receiver  is  jammed  for  a  time  or  the  satellite  LOS 
is  obscured  by  maneuvers  or  terrain  masking. 
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*  Optimally,  a  constellation  is  chosen  such  that  the  GDOP  is  unconstrained  at  launch  but  is  minimum  at 

the  target. 
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In  order  to  provide  this  accuracy  with  narrow  tracking-loop  bandwidths  during  high- 
dynamic  maneuvers  of  tactical  aircraft,  aiding  velocity  signals  must  be  delivered  from 
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Figure  7.  GPS  Signal  Power  Levels 


flexure  between  the  antenna  and  the  IMU  could  be  a  problem.  Either  gimballed  or  strapaown 
IMUs  are  capable  of  supplying  sufficiently  accurate  attitude  data  in  most  applications. 

For  the  gimballed  IMUs  the  pacing  requirement  is  on  the  accuracies  and  update  rates  of 
the  gimbal  angle  encoders.  References  (44-45)  provide  quantitative  data  on  the  effects 
of  a  variety  of  error  sources  on  the  performance  of  IMU-aided  carrier  loops  under 
jamming  and  with  high  dynamic  maneuvers.  Improvements  of  10  dB  or  so  in  AJ  performance 
can  be  achieved  through  inertial  aiding  of  carrier  loops. 
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Figure  9-  Tactical  GPS  Guidance  Functional  Diagram  and  Mother-Daughter  Partitioning 
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CIVIL  APPLICATIONS  OF  NAvSTAK  GPS 
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SUM  MARY 

This  paper  discusses  various  aspects  of  potential  civil  applications  of  the  11.  S.  Department  of 
Defense  satellite  based  NAVSTAR  Global  Positioning  System  (GPS).  Land,  sea  and  air  applications 
are  covered.  The  conclusion  is  that  the  GPS  offers  many  promising  potential  civil  applications.  How¬ 
ever,  certain  questions  will  need  to  be  resolved  before  international  civil  application  of  GPS  can  be 
expected  to  be  implemented.  Nevertheless,  it  is  expected  that  these  can  be  sowed. 

1.  0  INTRODUCTION 


With  respect  to  the  availability  by  the  U.  S.  Department  of  Defense  of  NAVS  TAR  GPS  for  civil 
applications,  the  following  views  and  assumptions  are  exclusively  those  of  the  author.  DOD  will  make 
available  at  all  times  to  users  in  the  civil  sector  information  which  will  provide  an  accuracy  in  the  order 
of  100  meters  or  less  in  three  dimensions. 

DOD  is  deploying  NAVSTAR  GPS  as  a  positioning  system  in  support  of  weapons  delivery.  The 
inherent  value  of  the  most  accurate  information  -  that  is,  in  the  order  of  10  meters  in  three  dimensions  - 
is  adequate  for  many  military  systems.  Therefore  DOD  has  stated  that  the  military  may  deny  the  avail¬ 
ability  of  the  more  precise  signal  under  certain  conditions.  The  signal  would  be  otherwise  available  to 
the  civil  sector. 

On  the  surface  this  policy  appears  to  be  forthright,  specific,  and  unambiguous.  However,  there 
are  a  number  of  reasons  to  examine  that  policy  in  greater  light  as  it  pertains  to  a  more  or  less  guaran¬ 
teed  availability  of  the  precise  accuracy  signal  for  civil  use.  First,  in  the  interest  of  national  security 
the  military  should  have  the  capability  to  deny  the  use  of  such  precise  information  to  an  enemy.  In  fact, 
under  Executive  Order  11161  the  Department  of  Defense  will  assume  control  of  the  National  Airspace 
System  and  the  nation's  navigation  aids  under  certain  emergency  or  hostile  conditions.  Therefore,  DOD 
can  in  reality  deny  any  navigation  aid  under  the  control  and  operation  of  the  United  States.  Therefore, 
irrespective  of  a  stated  explicit  policy  for  sonic  portion  of  a  specific  system,  under  essentially  the 
same  conditions  the  military  already  may  deny  any  information  to  civil  users. 

Policy  is  one  matter,  but  what  are  the  practicalities  of  availability  and  denial  to  civil  users  ’ 

There  are  at  least  two  reasons  why  the  coarse  and  precise  signals  will  be  available  to  civil  users  under 
normal,  peace  time  conditions.  First,  it  is  likely  that  the  Department  of  Defense  will  seek  to  involve 
the  tot.il  national  sector  to  improve  the  economy  of  the  system  to  DOD.  Second,  as  with  the  Navy  Navi¬ 
gation  Satellite  System,  any  civil  use  of  the  system  will  stimulate  an  accumulating  demand.  The  relative, 
good  attributes  of  NAVSTAR  GPS  -  precision,  availability  and  economy  -  will  become  apparent  to  the 
civil  and  public  sectors  to  include  Congress  so  that  there  will  be  an  ultimate  requirement  that  DOD  share 
the  system  in  the  fullest  sense.  It  seems  reasonable  that  sooner  or  later  NAVSTAR  GPS  must  become 
a  national  system  or  another  satellite  system  would  have  to  be  deployed.  The  latter  would  undoubtedly 
be  a  relatively  costly  alternative. 

What  about  under  conditions  of  hostilities  ?  DOD  must  be  able  and  willing  to  carry  out  denial  to 
make  the  threat  of  denial  credible  to  an  enemy.  They  should  not  be  constrained  to  keep  the  signal  on, 
and  indeed  they  are  not  required  to  keep  any  navigational  aid  on  when  control  of  the  nation's  navigational 
aids  is  transferred  to  the  Department  of  Defense.  At  the  same  time  DOD  must  make  the  system  avail¬ 
able  to  its  own  forces,  cooperating  allied  forces,  and  supporting  reserve  forces,  and  such  civil  carriers 
as  the  Contract  Reserve  Air  Force.  It  does  not  seem  practical  that  the  navigation  signal  could  be  made 
available  to  such  a  wide  number  of  friendly  forces  and  denied  to  others  except  at  great  cost.  Therefore, 
the  Department  can  maintain  a  threat  and  capability  to  deny  the  system,  provide  the  signal  under  almost 
any  circumstance,  and  weigh  national  consequences  at  times  when  it  believes  it  might  be  wise  to  deny 
the  signal.  Provided  the  civil  sector  agencies  of  the  Federal  Government  join  in  (as  they  must)  to  advo¬ 
cate  the  system's  use,  there  would  obviously  be  only  the  direst  circumstances  when  the  precise  signal 
(and  only  the  precise  signal)  would  be  denied. 

Even  so,  how  would  such  denial  be  manifested?  Individual  VORTACs  may  be  cut  off  independently 
(although  it  is  not  clear  how  such  would  be  carried  out  practically).  LOR  AN  and  OMEGA  stations  may  be 
shut  down  easier,  but  with  wider  implications.  TRANSIT  satellites'  transmissions  presumably  can  be 
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interrupted,  but  again  the  implications  would  be  large  for  the  possible  returns.  Discontinuance  or  denial 
of  NAVSTAR  GPS  precision  signals  would  also  have  wide  implications.  Presumably  the  Department  of 
Defense  would  want  to  deny  the  precise  information  in  specific  geographical  areas  although  a  large  vol¬ 
ume  would  necessarily  be  affected.  It  is  conceivable  that  precise  information  could  be  denied  Europe, 
Africa,  or  Asia  without  denying  the  signal  to  the  United  States  by  transmissions  at  selective  times. 


In  summary,  the  discussion  of  the  availability  of  the  NAVSTAR  GPS  signal  and  more  particularly 
the  precise  accuracy  is  mostly  a  political  issue  as  opposed  to  a  technical  one.  If  the  Federal  Govern¬ 
ment  as  a  whole  were  willing  to  advocate  NAVSTAR  GPS  as  a  national  resource,  a  relatively  simple 
solution  could  be  found  to  allay  the  "scare  story"  that  the  signal  could  be  denied  to  the  civil  sector. 
Alternatively,  it  is  clear  that  detractors  from  the  civil  use  of  the  system  will  be  obtuse  about  such  prac¬ 
tical  solutions.  Satellites  will  eventually  be  used  as  the  primary  source  of  radionavigation.  Denial  is 
a  minor  issue,  if  it  is  a  valid  issue  at  all. 


2.  0  TECHNICAL  CONSIDERATIONS 


2.  1  General 


Technological  advances  during  the  past  several  years  are  providing  the  capability  to  implement 
a  satellite-based  navigation  system  concept  with  enormous  potential  benefits  to  aeronautical,  maritime 
and  terrestial  civilian  users.  The  NAVSTAR  Global  Positioning  System  represents  a  potential  utility 
for  an  order  of  magnitude  performance  improvement  for  navigation  and  exploitable  utility  for  precise 
time  transfer,  system  synchronization,  collision  avoidance,  and  guidance. 


The  GPS  satellite  system  concept  is  an  outgrowth  of  numerous  experimental  and  developmental 
satellite  techniques  and  proposed  implementations.  References  provide  a  detailed  summary  of  the 
characteristics  and  features  which  have  been  pursued  for  satellite  systems  such  as:  TRANSIT,  the 
Navy  Navigation  Satellite  System;  the  TRANSIT  Improvement  Porgram,  TIPS;  the  TIMATION  and  62  1  B 
development  experiments;  the  NASA  Position  Location  and  Communication  Equipment  (PLACE)  exper¬ 
iment;  the  Maritime  Satellite  Program  of  the  Department  of  Commerce's  Maritime  Administration; 
the  DOT/FAA  Aeronautical  Satellite  Program;  the  DOT's  Advanced  Air  Traffic  Management  System 
Concept  (AATMS);  and  the  FAA's  ASTRO- DA  US  Concept. 


2.  2  Performance  Characteristics 

Consideration  of  the  civilian  application  of  GPS  requires  an  appreciation  for  the  basic  system 
characteristics  which  have  been  incorporated  into  GPS  due  to  military  utility  considerations.  There 
have  been  many  previous  investigations  directed  toward  establishing  the  navigation  system  character¬ 
istics  which  are  considered  to  be  important  to  the  accomplishment  of  military  missions.  These  mili¬ 
tary  characteristics  are  listed  in  Table  1  and  contrasted  in  a  qualitative  sense  with  civilian  needs  for 
navigation. 

The  NAVSTAR  GPS  concept  to  a  large  degree  satisfies  each  of  the  specific  minitary  character¬ 
istics  listed  in  Table  1.  The  desire  to  achieve  these  essential  characteristics,  combined  with  the 
limitations  of  existing  system  candidates,  individual  experiments,  and  the  analytical  development  of 
navigation  satellite  capabilities  dictated  the  GPS  technological  design.  It  should  be  noted  that  many 
items  considered  essential  for  satisfying  the  military  navigation  requirements  have  no  similar  civilian 
impetus  or  importance.  This  disparity  exists  mainly  for  characteristics  of  anti-jam  immunity,  selec¬ 
tive  denial,  U.  S.  territorial  ground  control,  and  the  need  to  be  compatible  and  easily  transitioned 
w-ith  respect  to  existing  navigation  aids.  The  degree  to  which  civilian  essential  characteristics  are 
compromised  by  the  present  GPS  design  would  seem  to  be  singularly  in  the  area  of  potential  obso¬ 
lescence  of  existing  navigation  aids  in  which  the  civilian  community  has  invested  significant  economic 
expenditures. 


2.  3  NAVSTAR  GPS  Capabilities 

Satellite  navigation  as  embodied  in  the  GPS  concept  is  characterized  by  line-of-sight  operation 
at  long  distances  between  the  users  and  the  space  satellite  vehicles.  To  indicate  the  technical  feasi¬ 
bility  of  providing  the  desired  performance  advantages  of  the  concept,  each  of  the  significant  charac- 
teristics  need  to  be  considered. 


2.  4  Worldwide  Coverage 

The  operational  GPS  satellite  segment  will  employ  24  satellites  in  12  hour  circular  orbits. 
These  satellites  are  equally  spaced  in  three  orbital  planes  so  that  six  to  eleven  satellites  arc  always 
in  view  to  a  user  on  or  near  the  surface  of  the  earth.  Average  visibility  for  all  locations  on  the  earth 
and  for  all  times  during  the  day  is  eight  to  nine  satellites  visible  above  5°  elevation  angle  from  (he 
horizon,  and  six,  seven  or  eight  can  be  seen  above  10°.  Since  only  four  or  less  satellites  are  needed 
for  civil  navigation,  the  users  generally  will  have  twice  as  many  satellites  available  from  which  to 
select  the  best  geometry. 


2.  5  Spread  Spectrum  Code  Modulation 

The  selection  of  a  spread  spectrum  code  modulation  for  CPS  provides  significant  advantages 
for  a  satellite-based  passive  navigation  system.  Spread  spectrum  code  modulation  provides  several 
essential  system  characteristics  such  as;  Single  frequency  allocation  for  satellite  transmissions 
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with  code-division  multiple  access  to  each  individual  satellite,  precision  ranging  measurement  on  the 
code  modulation  in  continuous  real  time,  significant  processing  gain  against  signal  interference,  and 
inherent  multipath  discrimination. 

Other  distinct  features  have  been  incorporated  to  benefit  the  potential  user  community.  The  GPS 
concept  utilizes  one-way  ranging  to  the  satellites  with  no  active  transmission  from  the  users.  This  pas¬ 
sive  navigation  approach  can  therefore  support  an  unlimited  number  of  military  and  civil  users.  A  user 
employing  an  inexpensive  time  reference  can  be  computationally  synchronized  to  the  GPS  system  time 
base  by  utilizing  at  least  four  sttellite  signals  from  the  global  coverage,  or  only  three  if  altitude  or 
time  are  known.  System  time  is  maintained  within  a  few  nanoseconds  at  the  GPS  satellites  by  a  Control 
Segment  which  tracks  the  satellite  and  determines  the  individual  ephemeris  and  satellite  clock  para¬ 
meters.  All  resultant  navigation  solutions  are  thus  referenced  to  a  common  grid,  the  Department  of 
Defense  World  Geodetic  System,  1972. 

2.  6  Navigation  Signal  Structure 

Navigation  signals  are  transmitted  by  the  satellites  on  two  L-band  frequencies;  Lj  which  is  cen¬ 
tered  at  1575.  42  MHZ  and  L2  which  is  centered  at  1227.  6  MHZ.  The  L-band  frequency  provides  all- 
weather  operation  with  minimal  ionospheric  group  delay  propagation  errors.  Military  users  may  employ 
two-frequency  operation  at  L j  and  L2  to  precisely  calibrate  ionospheric  delay.  The  signal  waveform 
structure  which  is  impressed  upon  the  L-band  carrier  frequency  is  a  composite  of  two  pseudo- random- 
noise  ( PR  N)  phase  shift-keyed  (PSK)  code  signals  transmitted  in  phase  quadrature.  These  two  signals 
are  termed  the  precise  or  P-code,  and  the  Coarse/ Acquisition  or  C/A-code.  The  *P*^ofle  provides  a 
high  precision  navigation  accuracy  for  military  users  which  can  be  encrypted  or  altered  to  provide  a 
secure  code  for  selective  denial  purposes,  and  is  also  resistant  to  jamming  and  multipath  distortion. 

For  the  civil  user,  the  C/A-code  provides  a  ranging  modulation  which  consists  of  a  PRN  sequence 
of  binary  "chips"  biphase  modulated  on  the  carrier  at  a  chip  rate  of  1.023  Mbps.  As  shown  in  Figure  1, 
each  C/A  PRN  chip  duration  is  equivalent  to  approximately  978  nanoseconds  or  a  range  duration  of  293 
meters.  The  C  A  code  has  a  1023  bit  linear  gold  code  pattern  generated  by  the  module-2  sum  of  a  sel¬ 
ected  pair  of  maximal  PN  codes  from  a  10-stage  shift  register  generator.  Fach  satellite  has  a  unique 
C  A-code  which  is  obtained  by  inserting  a  different  time  displacement  (i.  e.  ,  code  address)  between  the 
maximal  code  pairs.  The  C/A  code  has  a  period  ol  1023  chips,  or  exactly  1  millisecond  at  chip  rate  of 
1.023  Mbps.  The  repeating  1  millisecond  long  code  duration  provides  unambiguous  ranging  equivalent 
to  about  300  kilometers  between  the  satellite  and  the  user,  which  is  compatible  with  the  10,900  nautical 
mile  orbit  altitude  of  the  satellites.  Gold  codes  of  period  1023  are  characterized  by  unwanted  subsidiary 
correlation  peaks  which  are  23.9  db  below  the  main  autocorrelation  peak,  consequently  multiple  access 
of  all  24  satellite  signals  is  feasible. 

2.  7  Navigation  Data 

Satellite  system  data  is  generated  coherently  with  both  the  P  and  C  A-codes  to  define  the  indivi¬ 
dual  satellites  ephemeris  and  satellite  clock  data  for  basic  navigation  information.  The  satellite  data 
frame  also  includes  satellite  identification,  status,  system  time  indexes,  and  telemetry  words.  The 
data  is  differentially  encoded,  non-return  to  zero,  30-bit  words  in  6  second  frames  generated  at  50  bps. 
Total  message  data  from  each  satellite  consists  of  30  seconds  of  data  to  define  a  1500  bit  data  frame 
with  5  subframes  of  300  bits.  F.ach  bit  of  the  satellite  data  has  a  duration  of  exactly  20  msec.  C/A-code 
repetitions.  Time-of-day  information  in  the  satellite  data  frames  conveys  satellite  time  to  the  receiver 
with  an  accuracy  of  one  data  bit,  or  20  msec.  If  the  receiver  locates  the  data  bit  transitions,  the  time 
accuracy  derived  from  the  data  can  be  refined  to  less  than  1  msec,  which  is  the  period  of  the  C/A-code. 
This  enables  the  receiver  to  establish  unambiguous  ranging  to  the  specific  PRN  code  correlation  peak. 

2.  8  Navigation  Signal  Processing 

The  civil  user  receiver  can  selectively  provide  continuous  ranging  on  a  particular  satellite  by 
generating  a  local  replica  of  the  specific  satellites  corresponding  Gold  code. 

The  spread  spectrum  receiver  performs  several  basic  functions  as  illustrated  in  Figure  2. 

These  are:  Acquisition  search  to  establish  synchronization  between  the  received  PRN  signal  and  the 
replica  code;  delay-lock  code  tracking  to  maintain  synchronization  and  to  extract  the  "pseudo  range" 
measurement;  carrier  phase  tracking  to  extract  the  doppler  velocity  or  "pseudo  range-rate"  measure¬ 
ment;  and  data  demodulation.  Precise  alignment  of  the  replica  code  with  the  received  satellite  signal 
results  in  a  well  defined  autocorrelation  function. 

The  pseudo  range  measurement  corresponds  to  the  displacement  of  the  autocorrelation  peak  with 
respect  to  the  user  clock  referenced  replica  PRN  code.  When  the  received  satellite  signal  is  multiplied 
by  a  synchronized  replica  of  the  PRN  code,  the  spread  spectrum  signal  is  despread  and  becomes  a 
narrowband  carrier  biphase  modulated  by  the  satellite  data.  The  ratio  of  the  pre-correlation  bandwidth 
to  the  post-correlation  bandwidth  is  defined  as  the  spread  spectrum  processing  gain  and  quantitatively 
measures  the  interference  rejection  capabilities  of  the  receiver.  Conventional  demodulation  techniques 
for  narrowband  signals  can  be  applied  to  the  despread  correlation  output.  In  contrast  to  this,  the  pseudo- 
range  rate  is  measured  from  the  carrier  frequency  doppler,  and  this  measurement  is  independent  of  the 
spread  spectrum  modulation. 
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2.  9  Navigation  Accuracy 

The  level  of  navigation  performance  envisioned  for  the  Global  Positioning  System  is  a  di¬ 
rect  result  of  the  selected  waveform  characteristics  of  the  GPS  satellite  signal.  Operation  with  either 
the  P  (10.23  MHz)  orC/A  (1.023  MHz)  code  modulations  to  a  large  extent  establishes  the  basic  naviga¬ 
tion  accuracy  level  which  may  be  provided  to  the  user.  The  system  level  navigation  performance 
accuracy  is  therefore  formulated  by  error  contributor  categories  of  P  or  C/A  signals. 

The  other  significant  performance  constraint  on  GPS  is  the  environmental  medium  or  propaga¬ 
tion  link  in  which  the  signals  are  transmitted  and  received.  Performance  in  the  L-band  spectrum  is 
influenced  by  natural  phenomenon  and  by  the  mechanization  techniques  which  are  employed. 

Error  contributions  have  been  allocated  to  the  various  system  segment  contributors;  the  Space 
\  ehicle  segment,  the  Propagation  Link,  and  ultimately,  the  User  Segment.  These  error  contributions 
ire  shown  categorically  in  Table  II. 

For  each  user  observation  of  pseudorange  toward  a  specific  satellite  the  uncorrelated  portion  of 
the  observed  range  error  is  termed  the  "User  Equivalent  Range  Error"  or  UERE. 

User  navigation  error  defined  in  terms  of  three  vector  components  of  position  and  scalar  system 
time  is  obtained  by  utilizing  four  independent  scalar  pseudorange  observations.  This  resulting  naviga¬ 
tion  error  is  thus  defined  by  the  UERE  multiplied  by  the  Geometric  Dilution  of  Precision  (GDOP)  which 
is  uniquely  established  by  the  geometric  relationship  between  the  user's  position,  and  the  specific  posi¬ 
tions  of  the  four  satellites  utilized  for  the  observations.  These  concepts  provide  an  approximate  means 
of  defining  navigation  capability  which  is  not  associated  with  geometric  orientations  but  which  instead 
stipulates  fundamental  measurement  or  observational  errors  inherent  to  the  navigation  process. 

The  error  budget  for  both  P-code  and  C/A  code  UERE  is  given  in  Table  HI.  The  detailed  error 
source  descriptions  and  rationale  for  the  budget  is  derived  from  information  given  in  references.  The 
prime  difference  between  the  military  and  civil  user  accuracies  is  the  result  of  an  increased  ranging 
noise  and  the  inability  to  compensate  for  the  ionospheric  delay. 

Figure  3  summarizes  the  cumulative  probability  distribution  function  for  the  GDOP  anticipated 
during  the  operational  24  satellite  coverage  phase.  Navigation  error  in  terms  of  both  radial  horizon¬ 
tal  plane  errors  and  vertical  axis  errors  are  indicated  for  a  satellite  elevation  viewing  restriction  of 
5°  above  the  horizon. 

Using  the  data  in  Table  111  and  Figure  3,  the  expected  navigation  accuracies  for  a  C/A-code 
user  are  summarized  in  Table  IV. 

3.  0  LAND 
3.  1  General 

Throughout  time,  man  has  required  information  concerning  the  location  of  positions  and  objects. 
Such  information  is  required  by  navigators,  geologists,  surveyors,  mapmakers,  aviators,  air  traffic 
controllers,  etc.  Accurate  position  location  is  mandatory  for  these  and  other  uses.  It  is  also  manda¬ 
tory  to  be  able  to  locate  land  vehicles  for  purposes  of  dispatch  and  command  and  control. 

3.  2  Users  of  Land  Position  Information 

Studies  indicate  that  operators  of  land  vehicle  fleets  can  make  their  operations  more  efficient 
through  effective  command  and  control  of  individual  vehicles.  Such  command  and  control  decisions 
are  highly  dependent  upon  reliable  and  accurate  information.  Other  users  can  not  use  the  command  and 
control  capability  as  their  fleets  are  small  or  they  do  not  require  this  capability.  These  users  require 
a  simple,  but  accurate  location  system  only.  Depending  on  the  type  of  operation,  savings  can  accrue 
to  a  vehicle  fleet  operator  through  a  reduction  in  the  number  of  vehicles  required  to  maintain  a  given 
level  of  service  and  through  reduced  operating  costs  by  installing  position  location  systems. 

Among  the  potential  civil  land  users  of  a  location  dependent  information/command  and  control 
systems  are  the  following: 

Location  information  only  -  emergency  medical  services 

fire  departments 
delivery  services 
repair  servides 
utility  services 

security  and  surveillance  agencies 
geological  survey  services 
post  office  departments 
taxi  services 

hazardous  cargo  transporters 

Command  and  control  systems  -  police  departments 

public  transit. 

As  these  uses  fall  into  the  general  applications  of  location  information  only,  and  command  and 
control  systems,  they  can  be  discussed  under  these  broad  headings.  Essentially,  both  categories  re¬ 
quire  location  information  inputs.  For  location  information  only  uses,  manual  use  of  the  data  is  made 


receiver  a  computer  will  require  a  capability  to  select  the  optimum  four  satellites  (of  a  24- satellite 
system)  to  navigate  from  at  any  given  time.  Finally,  it  must  be  able  to  process  the  data  of  the 
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to  record  information  or  dispatch  vehicles.  For  command  and  control  application,  the  location  infor¬ 
mation  is  fed  into  a  computer  which  makes  decisions  based  on  the  input  location  information.  First, 
let's  discuss  the  location  only  uses  of  position  information.  In  the  case  of  fire  departments,  location 
information  can  be  expected  to  be  only  of  occasional  use.  Generally,  fire  equipment  remains  at  the 
fire  station  until  it  is  assigned  to  an  emergency  (thus,  its  location  is  known  prior  to  dispatch).  Once 
a  vehicle  is  dispatched  to  a  fire  and  is  enroute  to  the  scene  of  that  fire,  accurate  location  information 
would  permit  a  a.spatcher  to  exercise  a  greater  measure  of  control  than  is  presently  possible.  Vehicles 
enroute  to  an  emergency  could  be  redirected  to  another  emergency  and  vehicles  returning  from  an 
emergency  could  be  dispatched  to  another  incident  with  a  minimum  of  effort.  Occasionally,  fire  vehicles 
converging  on  the  scene  of  an  emergency  are  involved  in  a  collision  between  themselves.  This  has  re¬ 
sulted  in  the  loss  of  the  vehicles  and  injury  of  the  fire  fighters.  Accurate  position  location  information 
would  permit  the  dispatcher  to  alert  drivers  to  a  potential  accident.  The  same  is  true  of  vehicle  as¬ 
signment  of  emergency  medical  services,  such  as  ambulance  and  rescue  services. 

Taxi  services  may  be  improved  through  vehicle  location  information  that  is  presented  to  the  taxi 
dispatcher.  Presently,  when  a  request  for  taxi  service  is  received  the  dispatcher  assigns  the  call  to 
what  he  believes  to  be  the  nearest  vehicle  who  then  responds.  The  closer  the  assigned  taxi  is  to  the 
request,  the  fewer  the  non-revenue  miles  on  the  vehicle  will  drive,  thus  resulting  in  lower  costs  to  the 
operator.  Accurate  location  information  can  assist  the  dispatcher  assign  the  closest  taxi  to  the  request. 

In  recent  years,  a  new  form  of  urban  transportation  has  been  emerging  in  the  United  States. 

These  are  the  random- route,  demand- responsive  systems  that  offer  door-to-door  service.  A  person 
desiring  transportation  telephones  the  dispatch  center  and  requests  trai  portation  from  his  present 
location  to  his  destination.  The  dispatcher  assigns  a  vehicle  that  is  near  his  location  and  is  generally 
heading  in  the  direction  of  his  destination.  Along  the  way,  additional  passengers  are  picked  up  and 
dropped  off  as  the  vehicle  detours  slightly  from  its  course.  Obviously,  location  information  plays  a 
role  in  vehicle  selection  and  assignment.  Small  demand-responsive  systems  are  able  to  be  controlled 
by  a  single  dispatcher  who  is  able  to  approximate  the  location  of  each  vehicle.  Large  systems  use  a 
computer  to  help  in  the  vehicle  assignment,  however  present  systems  rely  on  the  dispatcher's  estimate 
of  each  vehicle's  location.  Location  information  may  be  able  to  assist  the  dispatcher  by  relieving 
him  of  this  chore. 

Delivery  and  repair  services  likewise  may  benefit  from  vehicle  location  information.  Examples 
of  such  repair  services  are  public  utilities  and  applicance  repair  vehicles.  The  operations  performed 
by  these  services  may  be  made  more  efficient  if  the  location  of  the  vehicles  is  known  to  a  central  dis¬ 
patcher.  A  delivery  service  dispatcher,  for  example,  can  use  location  information  to  select  a  vehicle 
to  pick  up  merchandise  on  the  day  of  the  request  rather  than  schedule  another  vehicle  to  make  the 
pick-up  the  following  day.  The  same  analogy  holds  true  for  utility  and  repair  services. 

Another  use  of  precision  on  location  information  is  for  data  recording.  Data  on  population  and 
site  registration  is  presently  collected  by  census  bureaus,  market  research  firms,  highway  departments, 
and  geological  exploration  firms.  Each  of  these  users  needs  are  largely  self-explanatory.  One  major 
difference  from  the  previously  discussed  requirements,  is  the  need  for  this  group  of  users  to  be  able 
to  return  to  the  same  spot  using  the  position  information. 

Let's  now  discuss  the  application  of  command  and  control  systems  to  the  second  group  of  poten¬ 
tial  users.  Police  departments  typically  field  a  large  number  of  marked  vehicles  to  patrol  their  juris¬ 
diction  in  a  random  fashion  as  well  as  a  smaller  number  of  vehicles  dedicated  to  investigation,  towing, 
supervision,  etc.  Generally  the  jurisdiction  is  divided  into  a  number  of  small  areas  referred  to  as 
beats.  A  police  vehicle  is  assigned  to  one  (or  more,  depending  on  beat  size  and  conditions)  beat/s  and 
is  expected  to  patrol  in  a  random  fashion.  When  an  incident  or  emergency  is  reported,  the  police 
dispatcher  determines  in  which  beat  the  incident  has  occurred  and  radios  that  cruiser  to  respond.  The 
present  scenario  assumes  that  the  beat  cruiser  is  closest  to  the  incident.  This  may  or  may  not  be  true. 
The  cruiser  may  be  patrolling  ar  area  of  the  beat  which  is  far  from  the  incident.  A  cruiser  in  another 
beat  may  be  closer  or  another  police  vehicle  may  be  passing  through  the  area  and  thus  be  able  to  res¬ 
pond  quicker.  If  the  dispatcher  knows  the  location  of  all  police  vehicles,  the  closest  vehicle  can  be 
assigned  to  respond  to  an  emergency.  Studies  indicate  that  dispatching  techniques  such  as  this  may  per¬ 
mit  a  reduction  in  the  number  of  vehicles  required  to  maintain  the  same  level  of  service.  And,  of  course, 
service  can  be  improved  using  the  same  number  of  vehicles. 

Bus  transit  operations  can  likewise  benefit  from  centralized  location  information  in  the  command 
and  control  of  a  large  vehicle  fleet.  There  are  11  U.  S.  transit  operations  with  over  1000  buses.  New 
York  alone  has  5000.  Bus  drivers  are  responsible  for  the  on-schedule  operation  of  their  bus.  However, 
due  to  conditions  beyond  their  control,  it  is  frequently  not  possible  to  operate  within  the  allotted  sche¬ 
dule.  Traffic  conditions,  a  fire  or  accident  along  the  route,  lighter  or  heavier  than  anticipated  passen¬ 
ger  loads,  etc.  contribute  to  off-schedule  operation.  Whenever  one  bus  starts  running  late  (or  early), 
it  impacts  the  operation  of  the  entire  route  as  well  as  affecting  the  service  delivered  to  the  public. 
Passengers  are  forced  to  wait  longer  for  the  bus  and  buses  become  over-crowded  due  to  heavier  loading 
of  buses  operating  behind  schedule.  Location  information  presented  to  the  central  dispatcher  will  per¬ 
mit  him  to  control  the  routes  and  thus  significantly  improve  public  service.  Additionally,  passenger 
and  driver  security  can  be  improved  if  the  location  information  is  coupled  to  a  covert,  silent  alarm 
that  the  driver  can  activate  in  the  event  of  a  criminal  emergency.  The  alarm,  once  activated,  will 
alert  the  dispatcher  who  will  then  notify  the  police,  giving  the  bus  location.  Such  an  emergency  location 
system,  now  in  use  at  the  Chicago  Transit  Authority,  has  reduced  police  response  times  to  bus  emer¬ 
gencies  from  a  7.  15  minute  average  to  a  4.  26  minute  average.  While  these  times  are  based  on  limited 
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data,  they  indicate  a  hopeful  trend.  Additionally,  the  bus  command  and  control  situation  can  be  auto¬ 
mated  by  using  a  computer  to  exercise  command  and  control  over  the  bus  fleet. 

3.  3  Present  Use  of  Position  Information 

Land  position  information  use  generally  falls  into  four  categories:  vehicle  dispatch,  schedule 
control,  data  recording,  and  emergency  location.  Each  of  these  visors  has  been  discussed  previously 
but  one  point  remains  to  be  made  -  location  information  must  be  relatively  inexpensive  to  obtain, 
relatively  accurate,  and  reliably  available. 

3.  4  Benefits  and  Costs  of  Location  Information 

Essentially  the  benefits  of  location  information  result  from  improved  operational  efficiency,  im¬ 
proved  service,  improved  security  (or  perception  thereof),  and  reduced  costs  of  collecting  data.  These 
are  not  mutually  exclusive  but  can  be  traded  off  between  themselves.  For  example,  a  user  of  location 
information  can  improve  the  efficiency  of  his  service  and  thereby  reduce  the  number  of  vehicles  vised 
while  holding  the  service  level  constant,  or  he  can  continue  using  the  same  number  of  vehicles  and  in¬ 
crease  the  service  he  provides.  Thus,  the  benefits  can  be  divided  into  three  groups:  economic,  better 
service  (that  w.  »ch  does  not  translate  into  economic  terms),  and  safety  and  security. 

In  the  case  of  vehicle  fleets,  the  economic  benefits  accurc  from  increased  fleet  productivity 
and  result  from  the  number  of  vehicles  which  may  be  saved  while  maintaining  a  constant  service  level. 
These  surplus  vehicles  are  the  catalysts  which  produce  capital  and  operating  savings.  In  the  case 
of  data  recording,  the  economic  benefits  result  from  payroll  savings.  By  permitting  the  rapid  and 
accurate  recording  of  data  as  well  as  assisting  a  person  return  to  the  location,  lower  payroll  costs  can 
accrvie  while  surveys  can  be  made  more  accurately. 

Improved  service  benefits  are  difficult  to  quantify  as  they  involve  such  intangibles  as  reduced 
passenger  waiting  times  and  more  confident  schedules.  The  difficulty  in  quantifying  improved  service 
benefits  results  from  the  controversy  surrounding  such  things  as  the  value  of  an  individual's  time. 

Benefits  from  improved  safety  and  security  are  likewise  difficult  to  quantify.  Such  question  as 
•'What  is  the  value  of  a  human  lifc^’’.  What  is  the  value  of  preventing  an  injury'",  etc.  must  be  ans¬ 
wered  before  the  benefits  side  of  the  cquasion  can  be  filled  in.  Obviously,  the  monitary  saving  from 
preventing  a  truck  hijacking  can  be  readily  computed  by  determining  the  value  of  the  cargo  that  is  de¬ 
livered  to  its  destination  rather  than  directed  to  illegal  uses.  In  any  event,  it  can  be  readily  under¬ 
stood  that  improved  safety  and  security  do  have  a  value.  Drivers  fear  and  anxiety  can  be  expected  to 
diminish.  Bus  passenger  anxiety  can  also  be  reduced  and  possibly  new  passengers  can  be  enticed  to 
ride  the  bus.  Even  though  the  statistical  probability  of  a  bus  passenger  being  exposed  to  a  valid  threat 
is  currently  very  small,  improved  security  may  alleviate  unrational  tears. 

The  Chicago  Transit  Authority  has  equipped  its  bus  fleet  with  an  emergency  location  system  that 
is  covertly  activated  by  the  driver  when  he  is  threatened.  Other  buses  were  equipped  with  a  covert 
alarm  that  did  not  give  location.  In  a  limited  tost,  based  on  63  incident  reports  in  which  the  driver 
specifically  indicated  police  arrival  times,  alarm  response  times  were  reduced  40To.  Following  are 
the  reported  response  times: 

-  Buses  equipped  with  silent  alarm  and  location  4.  26  minute  average 

-  Buses  equipped  with  silent  alarm  but  not  location  7.  15  minute  average 

From  these  average  response  times,  it  can  be  deduced  that  the  lower  response  time  may  be 
critical  in  preventing  harm  from  befalling  bus  operators  and  passengers.  Almost  threeminutes  response 
time  was  removed  from  the  non-location  eqviipped  buses.  These  three  minutes  may  be  vital  in  a  life  and 
death  situation. 

3.  5  Present  Methods  of  Calculating  Position 

Present  methods  of  calculating  position  on  land  are  generally  dependent  upon  manual  input  of 
location  data.  In  some  instances,  as  in  the  case  of  repair  or  delivery  service,  location  information  is 
frequently  trasnmitted  via  the  telephone.  Transportation  services,  such  as  taxi  and  bus  operators 
generally  utilize  a  radio  to  transmit  location  information.  Police  location  information  is  generally 
based  on  an  assumed  location  (each  patrol  vehicle  is  assigned  to  a  geographic  district  and  is  assumed 
to  be  in  that  district),  t’pdated  location  information  is  manually  (or  vocally)  transferred  to  the  dis¬ 
patcher  who  must  then  make  a  deci  ion  based  on  the  information.  The  location  information  is  accurate 
only  so  long  as  the  vehicle  does  not  move.  Radio  channel  constraints  limit  the  frequency  with  which 
the  information  may  be  updated  and,  of  course,  the  human  limitations  of  handling  the  data  likewise 
minimize  the  amount  of  data  the  dispatcher  can  handle. 

Several  police  departments  and  transit  operators  are  experimenting  and  evaluating  automatic 
vehicle  monitoring  systems  that  will  automatically  transmit  location  (and  other)  information  to  a  cen¬ 
tral  computer  which  will  put  it  into  format  and  presrnt  it  to  the  dispatcher  for  action.  Examples  of 
such  systen  s  can  be  found  in  the  St.  Louis,  Missouri,  Huntington  Reach,  California,  and  Dallas, 

Texas  Police  Departments,  and  in  the  Zurich,  Switzerland,  Hamburg,  Germany  and  London,  England 
transit  operations. 

There  are  a  number  of  location  sybsystem  types  that  can  be  used  in  automatic  vehicle  monitor¬ 
ing  systems.  Generally,  they  fall  into  four  categories: 

1.  signpost, 

2.  radio  frequency. 


1.  dead  reckoning,  am! 

•I.  hybrid  combining  Iwu  or  iiioiv  ol  the  above. 


rim  signpost  location  :  vnIciu  utilizes  a  r«‘lc*r«*iu-i’  <li>vu  c  (such  a:  a  nar  row-lirain  optical 

.  ini',  r,  a  mi  v  row  ivr  it  subtler,  ma^iict''  iinlioltlnl  in  the  road  surl.ut'  or  coded  radio  signals  from 
.  ill  Iran;  mitlci  ,  to  proviso  1  nation  at  a  particular  point.  Within  tin*  signpost  category.  tlwsr 
uh  y :  t .  n  can  ho  eitlie  r  "sha  rp"  signposts  pr  ov  iding  previse  location  only  at  particular  points,  or 
"liroa*1  signpo-ts  w  hrli  locate  a  vehicle  within  a  hroailrr  /one.  Aiuonn  the  claimed  benefits  ot  the 
isupost  type  location  subsystem  are: 

-  each  signpost  provides  only  limited  rovera^r,  tint:,  it  one  tail:-,  system  perlormain  e 
in  not  a  ignifiv  antly  deg railed. 

-  each  signpost  in  relatively  inexpensive, 

-  as  each  signpost  is  assigned  a  unupie  ident  it  ical  ion  rode,  the  on-board  rrrriver 
equipment  can  he  relatively  simple  an  the  computat  ions  are  minimi/.ed. 

Among  the  disadvantages  ot  signpost  -  ha sed  systems  are: 

a  large  number  ot  signposts  are  required  to  cover  a  large  area.  While  each  unit 
ma\  he  inexpensive,  the  rout  tor  complete  large  area  coverage  may  he  high, 
as  a  large  number  ol  signposts  are  required,  maintenance  can  he  a  chore  simply 
vhu*  tv'  tlu*  number  v'l  signpost  installat  ions. 

!•  samples  of  the  radio  treipiem  v  ’  nation  subsystems  are  the  illohal  Positioning  System,  1  oran, 
pulse  t  ri-later.ition,  etc.  As  tlie  reavlership  is  tamiliar  with  UK  type  lov'ation  subsystems,  no  addition- 
al  comment  is  necessary.  Some  ol  the  claimed  advantages  v*t  radio  location  subsystems  are: 

-  they  rover  large  geographic  area.-,  which  other  systems  v void  not  cronomir.i ll\  cover, 
generally,  the  transmitters  have  been  installcvl  by  gov eminent  users  who  maintain  them, 
thus  sparing  the  civil  user  a  maintenance  I  ,rdcn. 

-  (In*  signal  is  generally  available  at  no  cv»st  to  the  civil  usi*r,  as  the  government  operates 
it. 

Some  ot  the  claimed  disadvantages  are  purported  to  he: 

government  operated  systems  are  subject  to  being  turned  » » 1 1  in  times  of  national 
emergency  and  thus  civil  use  may  he  denied  at  times. 

the  Si  gna l - 1  o -  Noise  Ratio  in  urban  environments  is  highly  variable,  ranging  frvnn 
p»oil  to  non-cuiitant,  and  arcuracy  thus  suffers. 

A  la  nd  -  ha  evl  dead  reclvonini.;  su  tv.  y  st  em  use:;  a  vmi  tp. i  s  s  to  vl  r  i  ve  di  t  i  v  t  ion  ot  travel  coupled  to 
wheel  odometer:'  to  derive  distance  ol  travel.  .  hie  to  the  natural  "drill"  ot  compasses  and  increasing 
error  a»  vumulat  ion  v«t  odvinietors,  deail  reckoning  AVM  systems  must  pe  r  lodiva  1 1  v  reinitialize  to 
prodiu  a  acceptable  accuracy.  One  st..  h  system  store's  a  map  ot  the  city  in  its  computer  *  at  each 
lu.  n  onio  a  not  he  r  street,  a  ut  oma  t  i  v  a  1 1  v  "  r  e  in  it  a  1  i  .-es  "  1 1  sell  (the  system  assumes  that  a  v  chi  c  l  e  can  v»n '  > 
operate  v»n  streets  and  m  alleys,  which  are  stored  m  the  computer). 

1  tnnllv,  a  hybrid  svst«*m  can  use  a  combination  ot  the  above  systems  to  derive  location.  Ob¬ 
viously.  ush  a  system  would  hope*  to  combine  the  largest  number  ol  advantages  with  the  fewest  draw 
hacks  v'l  *ivh  system.  1  or  example,  a  deail  reckoning  system  might  use  signposts  st  rategiv  all  v  plav  evl 
throughout  the  v  1 1  v  to  per  iodically  "reinit  iali/e"  the  system,  or,  a  radio  frequency  hast'd  system  might 
be  combined  with  signposts  tv»  augment  location  inputs  in  {hose  areas  where  the  signal  to-noise  ratu» 
is  so  poor  as  to  induce  position  error. 

Once  a  civil  land-based  location  system  is  in. -tailed,  a  number  of  uses  readily  come  to  mind. 

\  trtuallv  any  large  vehicle  fleet  operator  may  be  expected  to  derive  benefit  from  location  information, 

I  or  polite  applic.it  unis,  the  vehicle  closest  tv*  the  scent'  ot  an  emergeiw  \  can  be  di  spat  died  rather  than 
»•■  slime  that  tlu*  "heat"  car  is  closest.  Olosest  vehicle  dispatch  van  be  a-.sumetl  tv*  minimize  the  respon 
time  .*1  police  vehicles  and  thus  improve  service  to  the  public.  Kmc rg one v  medical  service  and  lire 
•  ■hitles  tllhough  they  do  not  cruise  on  an  assigned  heat  ma\  likevvist'  he  candidates  for  suci  systems. 
•  ibl  •  e «■  m  that  the  chief  benefit  tor  these  types  o|  vehicles  is  at  those  times  when  they  are  returning 
•h.-ir  -.fafion  alter  an  emeruency  assignment.  As  the  percentage  ot  tmie  this  condition  exists  is 

small  vompa  r  evl  with  their  "a  va  i  l  a  hi  e  t  or  a  •  si  gnment "  time,  their  use  ot  local  ion  int  or  mat  ion 
irvmal  ami  thus  system  cost  may  he  a  large  .  terminate  as  tv*  whether  thev  are  evpiippv*«l 

1 1  i  *  w  ileiiiri. 


•rator*>  are  very  concerned  over  schedule  control  both  lor  individual  buses  and  for 
i  »  v\  It.  *|i  l'he  publiv'  expects  bust's  tv'  operate  reliably  .iv  v  ordmg  t»*  a  publishevl 
'  that  hi  operating  times  and  schedules  frequently  vlo  nv't  coincide  le.ivls  many  poten- 
•  ei  it.  form*-  of  travel.  It  is  assumevl  that  it  bus  s vdievlul es  were  reliable, 

be  .(traded  to  transit,  thus  resulting  in  greater  utilisation  of  the  transit 
•  i  e  on  lb.  nut  'mobile.  The  P.S.  IVpartmrnt  ot  rranspv*rtat  ion  is  developing 
M'l-riiii*  system  which  will  use  b'eation  inputs  (from  a  radio  frequency  sign- 
•'  '  ha:  will  be  aut  vuu.i  t  i  c.i  1 1  v  comparevl  via  a  computer  with  bus 

<■  *n*.  an  :  messages  will  then  be  aut  oinat  ical  Iv  transmitted  to  the 

i  1  mai>'t  a  in  schedule:  aid  headway  s  The  system  is  being  vie  • 

1  ■  •  ’  pi  educe  I.  ceptable  a.  eui  ae\  )  can  be  list'd  tv*  venerate 


Apart  from  vehicle  dispatch  and  control,  many  additional  civil  uses  of  position  information  are 
envisioned..  Highway  inventory  surveys,  site  registration  and  data  position  fixing  just  suggest  the  pos¬ 
sibilities.  Highway  departments  have  a  great  need  for  digital  surveys  of  the  highway  network.  Assume, 
for  example,  that  a  highway  department  wishes  to  reconstruct  or  repair  a  particular  segment  of  road. 
Hu*  contractor  is  instructed  to  start  and  finish  the  construction  work  in  terms  of  "X"  distance  from  a 
known  point  (usually  a  highway  marker).  Accuracy  thus  depends  upon  the  location  of  the  marker  and  the 
accuracy  of  the  measurement.  Also,  highway  data  filed  in  this  manner  is  difficult  to  store  in  a  com¬ 
puter.  Accident  sites  are  similarly  recorded.  A  police  accident  report  frequently  lists  the  accident 
site  relative  to  a  highway  mileage  marker,  road  intersection,  or  town  boundary.  Again,  data  such  as 
this  is  difficult  to  code  for  processing  and  storage  in  a  computer.  Census  information,  forest  fire 
location,  etc.  face  similar  problems.  Thus,  some  sort  of  uniform  position  location  information  loca¬ 
tion  is  required. 

3.o  Requirements  for  Automatic,  Precise  Position  Data 

For  any  positioning  system  to  be  widely  adopted  by  the  civil  community,  sever:.'  requirements 
must  be  met.  The  requirements  placed  on  any  system  for  automatic  precise  location  data  can  generally 
be  considered  to  be: 

(1)  Reliability  -  the  system  and  its  desired  information  with  minimum  maintenance 

costs. 

(2)  Availability  -  the  signal  must  be  available  to  all  users  and  provide  wide-area 

coverage  (coverage  is  defined  as  the  operating  area  of  the  user). 

(3)  Communications  and  Frequency  Availability  -  the  location  data  must  be  formated 

st)  it  can  be  transmitted  to  a  central  computer  efficiently  (in  the 

case  of  vehicle  location). 

(4)  Accuracy  -  the  location  information  must  provide  accurate  information  con¬ 

cerning  positions. 

(5)  Cost  -  the  location  information  must  be  affordable  both  in  terms  of 

capital  and  operating  costs. 

Reliability  is  as  important  to  the  civil  user  as  it  is  to  the  military  user.  While  reliability  is 
frequently  defined  in  varying  terms,  several  important  measures  are  "System  availability  expressed  as 
a  percent  of  Total  Time"  and  "Mean  Time  between  Failure".  If  the  position  information  is  being  used 
by  a  police  department,  reliability  is  important  as  lives  de  pend  on  continuous  position  updating.  If 
the  position  information  is  being  used  for  geological  exploration,  reliability  is  important  as  consider¬ 
able  expense  is  incurred  in  placing  a  survey  team  in  remote  field  locations.  Each  user  will  define 
the  reliability  he  needs  and  in  many  cases  they  will  vary.  Generally,  however,  system  failures  must 
be  minimal,  and  the  user  must  be  confident  that  his  reliability  requirements  arc  met. 

Availability  is  equally  important  to  the  civil  user.  Accurate  position  information  must  be  avail¬ 
able  to  all  civil  users  without  burdensome  review  of  his  application.  It  would  be  unfair  to  permit  some 
users  unrestricted  access  to  data  from  positioning  systems  while  denying  it  to  others.  One  potential 
conflict  of  this  nature  would  arise  if  civil  governmental  use  were  permitted,  while  civil  non-govern¬ 
mental  (e.  g.  ,  delivery  services)  were  denied  use. 

Another  aspect  of  positioning  system  availability  is  that  it  must  be  available  to  the  civil  user 
year-round  on  a  24  hour  basis.  Under  no  circumstances  may  the  system  be  turned  off  or  denied  to  the 
user.  If  a  police  agency,  transit  operator  or  geological  survey  team  places  the  success  of  its  oper¬ 
ation  in  the  hands  of  an  automated  command  and  control  system  or  data  collection  system  using  position 
information,  then  chaos  could  result  if  the  position  information  were  suddenly  denied  them.  Police 
vehicle  deployments  and  transit  operations  would  become  disrupted.  The  geological  survey  team  might 
not  be  able  to  accurately  pinpoint  the  location  of  natural  deposits  previous  efforts  have  uncovered  or  to 
be  able  to  return  from  remote  sites.  The  point  of  this  is  that  if  the  position  location  data  is  government 
supplied  anti  becomes  widely  adopted  by  the  civil  sector,  then  the  data  may  not  be  denied  in  times  of 
national  emergency  for  it  is  precisely  during  such  times  that  police,  transit,  geological  exploration, 
and  national  resources  recovery  assume  paramount  imporntance. 

A  third  aspect  of  availability  is  coverage.  Whatever  position  location  system  is  adopted  by  the 
civil  user,  coverage  of  his  service  area  must  be  assured.  The  coverage  area  of  a  police  department 
can  range  from  a  few  square  kilometers  to  millions  of  square  kilometers  (as  in  the  case  of  a  national 
folice  agency).  Agencies  responsible  for  nuclear  shipments  also  have  a  requirement  for  national 
coverage  so  they  can  track  shipments  across  the  nation  and  assure  the  safe  arrival  of  these  shipments. 
Generally,  the  greater  the  coverage  area  a  position  locating  system  provides,  assuming  the  system's 
accuracy  meets  the  user's  needs,  the  greater  the  number  of  potential  users  the  system  will  appeal  to. 

Communications  and  frequency  availability  are  important  for  any  position  locating  system's 
success  in  the  field  of  civil  vehicle  command  and  control.  Command  and  control  systems  require 
real-time  data  to  operate.  For  a  command  and  control  system  to  be  effective,  radio  frequencies  must 
be  available  to  transmit  data.  Thus,  communication  frequencies  must  be  available  for  implementation 
of  command  and  control  for  vehicle  surveillance  systems  to  be  widely  adopted.  These  frequencies  art' 
becoming  increasingly  difficult  to  obtain,  especially  in  heavily  populated  urban  areas.  This  has  lead  to 
a  trend  of  adding  additional  vehicles  to  radio  channels  with  the  subsequent  problems  of  channel  conges¬ 
tion.  Position  information  is  a  likely  candidate  for  such  transmission  as  digitally  formated  position 
information  which  can  be  transmitted  in  less  time  than  if  transmitted  by  voice.  Fo  shorten  the  digital 
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transmission  as  much  as  possible,  some  amount  of  data  processing  must  take  place  on-board  the  ve¬ 
hicle.  Raw  data  from  a  position  locating  system  can  be  shortened  by  using  microcomputers  in  conjunc¬ 
tion  with  the  on-board  equipment.  Even  with  this  processing,  a  substantial  amount  of  information  must 
be  transmitted.  Such  transmission  would  probably  include  some  message  code,  the  vehicle  identifica¬ 
tion  number,  position  information,  passenger  counts  (in  the  case  of  a  transit  vehicle),  and  any  status 
messages  the  operator /driver  wishes  to  include. 

The  accuracy  required  of  any  position  identification  system  will  vary  with  each  user.  Some 
users  require  high  levels  of  accuracy  in  the  order  of  10-15  meters.  Others  require  95  to  100  meters 
accuracy,  while  others  require  only  150-200  meters.  For  example,  geological  exploration  may  require 
very  precise  location  records  so  exploration  team  can  explore  the  site  a  survey  team  has  identified 
as  promising.  Searching  for  scarce,  narrow-vein  mineral  deposits  places  high  accuracy  location  re¬ 
quirements  on  the  survey  team.  Police  departments  and  transit  operations  require  a  lesser  accuracy 
for  command  and  control /dispatch  operations.  Studies  have  shown  that  accuracy  on  the  order  of  95 
meters  is  sufficient  to  capture  the  benefits  associated  with  command  and  control  system  operations. 
Significantly  better  accuracy  produces  only  marginal  improvements  in  system  effectiveness  while  rel¬ 
atively  poorer  accuracy  results  in  significantly  reduced  system  effectiveness.  Similar  accuracy  appears 
reasonable  for  the  urban  truck  hijacking  scenario.  Other  potential  users,  such  as  utility  vehicles,  could 
use  somewhat  lower  accuracy,  on  the  order  of  200  meters,  as  their  dispatching  effectiveness  is  not  as 
highly  dependent  upon  accuracy. 

The  accuracy  of  radio  frequency-based  location  systems  is  influenced  by  the  signal -to-noise 
ratio  (SNR'  experienced  by  the  receiver.  While  one  can  usually  expect  an  acceptable  SNR  in  rural 
areas,  the  urban  environment  severely  degrades  the  SNR.  Natural  and  man-made  noise  induces  a 
severe  handicap  on  all  RF  dependent  location  systems.  Automotive  ignition  noise,  buried  and  overhead 
power  lines,  etc.  magnify  the  natural  background  noise  conditions  commonly  found  elsewhere.  Added 
to  the  noise  problem,  multipath  is  very  prevalent  in  the  urban  environment  as  is  signal  shading  by  high 
rise  buildings. 

Mutlipath  is  the  condition  in  which  signal  arc  bounced  from  structures  and  multiple  signal 
reception  is  recorded.  A  receiver  must  differentiate  these  multiple  signals  if  accurate  position  infor¬ 
mation  is  to  be  determined.  Often,  "shading"  of  the  receiver  by  the  canyons  created  by  buildings  in¬ 
duce  another  source  of  error  into  the  position  calculation.  Obviously,  these  sources  of  error  must  be 
overcome  if  a  location  system  is  to  be  adopted  for  the  urban  application. 

3.  7  Use  of  NAVSTAR  OPS  for  Location  Information 

NAVSTAR  GPS  represents  a  bright  star  for  future  position  location.  When  fully  operational, 
it  should  permit  world  wide  accurate  position  fixing.  It  may  completely  replace  or  supplement  existing 
location  systems  in  the  land  situation.  In  either  event,  it  may  provide  a  valuable  service.  The  level  of 
acceptance  for  GPS  will  depend  upon  several  factors:  its  cost,  both  capital  and  maintenance;  reliability, 
both  in  terms  of  equipment  and  signal  availability;  accuracy  (relative  to  cost)  and  the  availability  of 
communications  to  transmit  location  information. 

For  GPS  to  supplement  existing  location  systems  it  must  match  the  capability  and  costs  of  exist¬ 
ing  systems.  Assuming  the  match  is  about  equal,  new  users  may  be  attracted  to  GPS.  For  existing 
location  information  users,  there  may  be  no  clear  advantage  to  adopting  the  newer  GPS  system.  Ob¬ 
viously,  i  those  locations  where  the  GPS  signal  is  the  only  one  available,  there  is  no  alternative  but 
to  adopt  GPS. 

Potential  market  size  is  always  difficult  to  estimate  as  it  is  so  cost  dependent.  The  potential 
market  (in  number  of  units)  for  V.  S.  civil  land  use  of  location  identification  systems  is  estimated  to 
be  approximately: 


police  vehicles 

170, 000 

fire  vehicles 

200, 000 

emergency  medical  vehicles 

28, 000 

urban  transit  vehicles 

50, 000 

interstate  buses 

20, 000 

intercity  trucks 

1,000,000 

delivery  vehicles 

1, 200, 000 

utility  company  vehicles 

100, 000 

taxis 

50, 000 

census  inventory 

50, 000 

land  transportation  statistics 

and  inventory 

10, 000 

geological  survey  and  exploration 

2,  000 

Total  estimated  market  size 

2, 632, 000 

As  is  evident,  the  market  for  civil  land  use  of  location  information  systems  is  substantial. 
Whether  a  particular  typo  of  system  can  capture  the  market  is  heavily  dependent  upon  a  number  of  fac¬ 
tors,  many  of  which  have  been  discussed.  The  system  must  be  reliable,  easily  maintainable,  avail¬ 
able  and  affordable. 

Assuming  the  answers  to  questions  concerning  the  above  characteristics  arc  positive,  cost  will 
assume  major  importance.  There  is  no  single  answer  as  to  what  each  user  is  willing  to  pay  for  a  loca- 


:i  io 


1 


tion  information  system.  An  organization  responsible  for  the  safe  and  secure  transportation  of  nuclear 
shipments  can  be  expected  to  be  willing  to  pay  more  than  lower  priority  users.  Intercity  turcks  trans¬ 
porting  high  value  cargo  which  can  be  readily  disposed  of  (such  as  liquor  or  cigarettes)  may  be  prime 
candidates  for  such  systems,  while  carriers  of  low  value  bulk  goods  (such  as  sand  and  gravel)  may  have 
little  use  for  electronic  systems. 

The  market  then,  is  relatively  sensitive  to  cost.  It  is  probably  safe  to  speculate  that  full  com¬ 
mand  and  control  systems  costing  more  than  $4,  000  per  vehicle  (including  all  central  control  displays 
and  consoles,  software,  and  in-vehicle  equipment  such  as  receivers)  will  probably  have  a  difficult  time 
in  the  civil  land  use  market  place.  For  the  position  location  only  market  the  receiver  and  data  record¬ 
ing  mechanism  should  cost  less  than  $1,500.  This  cost  estimate  assumes  that  the  receivers  will  cost 
approximately  $1,000  and  is  equal  in  price  to  LORAN-C  receivers  that  are  expected  to  appear  on  the 
market  shortly. 

8  Conclusions 

There  is  a  definite,  yet  relatively  undefined,  market  for  position  information  and  command  and 
control  systems  in  the  civil  land-use  market.  Certain  potential  users,  such  as  police,  urban  transpor¬ 
tation  operators,  transporters  of  high-value  and  hazardous  cargo,  and  geological  survey  organizations 
can  be  the  initial  users  of  such  systems.  Gradually,  as  experience  with  these  systems  develops,  addi¬ 
tional  uses  will  be  identified  and  the  potential  market  size  will  inevitably  be  increased.  As  the  market 
size  increases,  it  can  be  assumed  that  production  economies  of  scale  will  result  in  lower  equipment 
costs,  thus  further  expanding  the  market. 

4.  0  SEA 

For  milenia,  men  have  used  Watercraft  to  ply  routes  of  trade  throughout  the  world.  In  early 
times,  man's  knowledge  of  the  world  was  as  limited  as  his  ability  to  produce,  transport,  and  sell  goods. 
His  progress  at  sea  was  similar  to  his  success  in  growing  crops  and  capturing  game  necessary  for 
livelihood  dependent  upon  whims  of  the  gods!  As  man's  knowledge  of  his  earth  and  universe  increased, 
so  did  his  sophistication  as  a  seafarer. 

Along  with  his  sophistication,  the  Mariner  developed  a  fierce  independence  from  ordinary  land 
lubbers  and  their  clumsy  assistance.  With  months,  even  years,  at  a  time  to  become  at-one  with  the 
sea  and  the  sky,  he  became  as  familiar  with  the  sun  and  the  stars  as  landfolk  were  with  their  own  living 
quarters.  The  Mariner  recognized  the  hazards  of  his  life  and  treasured  the  rewards  of  his  independence. 
Until  a  little  over  a  hundred  years  ago,  wind  and  current,  aided  rarely  by  strong  backs  of  men  provided 
the  only  motive  power  for  ships. 

4.  1  Technology  Revolution 

Steam  engines  and  iron  hulls  thrust  themselves  into  maritime  commerce  in  the  late  nineteenth 
century.  The  old  heritage  and  traditions  of  the  sea  were  slow  to  give  way.  Innovation  was  looked  upon 
as  sacriledge  and  adopted  (often  unaccepted)  only  when  law  or  regulation  forced  new  ways  upon  the 
reluctant  seaman. 

4.1.1  Aids  to  Navigation 

Commerce  on  the  high  seas  was  accomplished  by  the  wiles  of  men  and  the  vagaries  of  nature 
with  little  assistance  from  technology.  Buoys,  lighthouses  and  daymarks  were  the  only  aids  to  naviga¬ 
tion  available  or  used  to  any  significant  degree  until  the  first  quarter  of  this,  the  twentieth,  century. 

4.  1.  2  Radio  Aids  to  Navigation 

Until  the  invention  and  use  of  the  radic  the  independence  of  the  Mariner,  with  his  sextant,  was 
a  necessity.  Prominent  disaster  in  the  sinking  of  the  Titanic  and  agony  and  catharsis  of  the  first  world 
war  were  necessary  to  attract  the  attention  of  mariners  toward  the  capability  of  radio  to  improve  his 
lot.  Radio  Direction  Finders  became  the  only  major  tool  for  the  navigator. 

An  explosive  growth  of  radio,  electronic  and  associated  technologies  was  forced  by  the  cruel 
necessity  and  frightening  exigencies  of  a  second  Global  War.  In  a  short  span  of  ten  years  the  mariner 
had  literally  hundreds  of  radio  systems  for  communications  and  navigation  available  to  him.  He  did  n  >t 
see  these  systems  as  "mannr  from  heaven"  --  rather  they  were  insults  to  his  hard  earned  expertise, 
and  intrusions  upon  the  privacy  of  his  lonely  but  proud  way  of  doing  things  and  of  living. 

4.  1  Maritime  Commercial  Development 

In  the  less  romantic,  but  nevertheless  demanding,  economic  areas  of  maritime  commerce,  ship 
owners  and  operators  have  made  staggering  progress.  In  terms  of  tonnage  a  present  day  single  480,  000 
ton  tanker  carries  the  total  tons  of  overseas  maritime  commerce  conducted  in  one  year  by  the  United 
States  in  1801.  In  1900  U.  S.  trade  was  a  million  tons.  In  1975,  total  trade  was  403  million  tons.  By 
the  year  2000  World  Maritime  trade  is  expected  to  be  between  two  and  four  Trillion  tons. 

4.  2.  1  Radio  Navigation  Systems  Status 

Table  v  shows  major  existing  radio  navigation  systems  with  attributes  to  commend  them  as  well 
as  attendant  iciencies.  Most  of  these  systmes  were  spawned  by  wartime  or  military  development 
and  implemented  very  slowly  in  the  maritime  community.  Only  Radio  Direction  Finders  and  recently 
RADAR  have  crept  into  the  regulatory  language  of  the  international  maritime  community. 


Radar  and  the  fathometer  have  given  the  mariner  "eyes  in  the  dark"  and  removed  much  of  the 
hazard  of  fog.  The  fathometer  and  sona.'  allow  close  range  underwater  perspectives. 

Loran  and  Omega  are  in  the  vocabulary  of  a  fairly  large  number  of  mariners.  Loran  provides 
precision  in  areas  of  critical  need.  Omega  provides  continuous  general  service  where  moderate  ser¬ 
vices  and  accuracy  are  sufficient. 

Satellite  capability  to  tie  the  world  t<  .  ether  on  a  common  geoid  and  to  provide  at-sea  periodic 
precise  location  on  that  geoid  has  been  demonstarted  in  the  Transit  system.  Several  other  experimen¬ 
tal  systems  have  further  demonstrated  satellite  potential. 

4.  2.  2  Requirements 

In  spite  of  all  of  the  amazing  sophistication  in  many  areas,  the  maritime  community  still  relies 
on  the  simplest  of  devices  to  assist  a  pilot.  Handling  the  awesome  size  and  mass  ot  today's  superships 
still  depends  largely  on  the  acquired  skill  of  the  pilot.  His  senses  of  sight,  sound,  smell  and  motion 
remain  the  most  reliable  and  widely  used  tools  of  his  trade.  These  senses  are  the  ultimate  arbiter 
in  his  decisions.  Staggering  catastrophe  for  port  areas  and  entire  shore  environments  is  the  consequence 
and  judgement  for  his  errors. 

With  the  realization  of  these  potential  consequences,  it  must  be  recognized  that  Maritime  Re¬ 
quirements  are  not  well  recognized. 

4.  2.  2.  1  Mariners  Perspective 

The  mariner  depends  first  on  his  senses,  next  on  the  lore  of  the  sea,  then  on  conventional  vis¬ 
ual  aids,  and  finally  on  electronic  devices.  Redundancy  in  systems  is  of  primary  importance.  His 
acceptance  of  aids  is  generally  proportional  performance  pressures.  On  the  high  seas,  with  many 
fathoms  of  water  under  the  keel,  he  readily  accepts  and  uses  any  and  all  radio  aids  available.  In  heavily 
trafficed  areas  and  costal  confluence  regions,  he  readily  uses  radar  to  assist  him  when  his  visibility 
is  restricted.  In  estuaries  and  harbors  he  is  least  willing  to  use  external  systems,  and  is  most 
demanding  of  redundant  capability. 

4.  2.  2.  2  Who  is  the  Mariner 

In  order  to  gain  some  perspective  of  the  Mariner,  it  is  interesting  to  find  out  who  he  is,  what  he 
does,  and  how  many  of  whom  do  what.  In  Table  VI  the  different  kinds  of  marine  activities  are  shown 
along  with  estimated  distribution.  The  Mariner's  navigation  requirements  obviously  will  vary  accord¬ 
ing  to  the  purpose  and  type  of  each  class  of  activity. 

4.  3  The  Mariners  Requirements 

The  mariner  is  terrified  of  the  spectre  that,  if  he  states  a  desire  for  any  service,  a  law  or  regu¬ 
lation  will  immediately  be  imposed  requiring  that  he  make  provision  to  acquire  equipment  for  and  utilize 
that  service  in  plying  his  trade.  A  few  forward  looking  associations  representing  segments  of  the  Mari¬ 
time  Community  have  made  bold  statements  --  mostly  about  what  might  be  required  by  other  groups  of 
seafarers. 

4.  3.  1  Surface  Fishing 

Tuna  fishing  is  discussed  to  illustrate  this  type  of  activity.  One  a  school  of  tuna  has  been 
located  (often,  unfortunately,  by  following  the  porpoise)  boats  may  follow  and  fish  based  on  visual 
observations  of  smaller  fish  activity  in  panic  to  escape  the  tuna  feeding  at  or  near  the  surface.  Between 
svmse:  and  sunrise  the  tuna  sound  to  great  depths.  This  fortunate  characteristic  gives  a  respite  to  the 
fisherman.  Another  characteristic  of  tuna  sounding  is  their  almost  infallible  morning  surfacing  in  the 
location  where  they  sounded  the  previous  evening.  Accordingly,  the  tuna  fishermen's  navigation  re¬ 
quirements  are  based  almost  entirely  on  the  habits  of  the  species  for  which  he  fishes. 

4.  3.  2  Bottom  Fishing 

Several  types  of  bottom  fishing  define  different  requirements  for  navigation.  Shrimp  are  har¬ 
vested  by  dragging  nets  along  a  smooth  bottom.  Discovery  of  an  uncharted  wreck  or  outcropping  could 
ruin  a  day's  fishing  or  perhaps  an  entire  fishing  trip. 

Other  types  of  fish  live  in  isolated  bottom  rocks,  -wrecks,  or  other  convenient  hiding  places. 
Location  of  these  hideaways  on  a  reliable  basis  week-to-week  or  year-to-year  is  essential  to  fishing 
success. 

4.  3.  3.  Shoal  Fishing 

Some  classes  of  fish  feed  on  the  lee  side  of  rocks  shoals  or  obstructions.  For  success  in  fish¬ 
ing  for  this  type,  it  is  necessary  to  determine  the  location  of  the  shoal  and  current  direction  at  the  edge 
of  the  shoal  or  obstruction. 

4.  4  The  Outsider's  Perspective 

For  those  who  are  engaged  in  other  transportation  industries  on  land  or  in  the  air,  it  is  difficult 
to  comprehend  the  Maritime  Area.  Particularly  in  aviation,  there  is  a  discipline  of  communications, 
navigation,  and  interactive  advice  and  control  which  is  readily  accepted  and  utilized  continuously. 
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Indeed,  without  such  organization  and  discipline,  modern  aviationcould  not  exist.  How,  then,  could 
such  an  advanced  system  of  maritime  transportation  been  developed  and  expected  to  expand  without 
imposition  of  restraints  for  commercial  control  and/or  government  intervention  and  regulation  ’  Cert¬ 
ainly  the  occurences  of  massive  catastrophic  oil  spills  with  attendant  contamination  of  fishing  grounds, 
shorelines,  and  destruction  of  affected  ecological  life  systems  crystalize  the  conclusion  that  some 
surveillance  and  control  is  essential. 


4.  5  NAVSTAR  GPS  System 

The  GPS  seems  to  have  arrived  on  scene  at  a  critical  time  in  the  development  of  maritime  com¬ 
merce.  Its  appearance  is  nearly  coincident  with  the  recognition  of  global  requi rcments  for  new  concept 
of  surveillance  and  control  in  maritime  activity. 

l’he  GPS  has  the  capability  of  providing  services  eclipsing  all  of  those  from  other  predecessor 
navigation  systems,  with  essentially  none  of  the  disadvantages  of  limitations  of  earlier  terrestrial  (or 
satellite)  systems.  Attendant  with  the  arrival  of  GPS  is  the  near  term  availability  of  necessary  com¬ 
munications  support  systems.  The  U.  S.  Marisat  system  is  but  a  precursor  for  a  new  international 
INMARSAT  system. 

A  5.  1  Potential  Applications 

In  considering  the  potential  applications  for  GPS,  it  is  important  to  understand  the  motivational 
influences  for  a  user  to  acquire  new  capability.  Some  of  these  factors  for  the  Maritime  Community  are 
listed  in  their  order  of  importance: 

(1)  Regulatory  requirement. 

(2)  Direct  replacement  of  older  equipment  essential,  and  used  daily  for  operation 
or  function-based  on 

a.  Personal  experience 

b.  Experience  reports  from  others 

c.  Peer  pressure. 

(3)  Favorable  comparative  benefit/cost  assessment. 

Although  a  regulatory  requirement  ranks  first  in  importance  to  bring  new  capability  for  a  ves¬ 
sel,  often  the  performance  available  from  equipment  is  the  minimum  acceptable,  provided  at  the  lowest 
cost. 

The  second  influence,  replacement  of  a  proven  performance,  is  a  much  more  constructive 
motivation,  but  is  much  more  difficult  to  approach. 

The  third  influence  is  that  most  often  used  by  new  equipment/sy stem  salesmen,  is  that  least 
likely  to  be  successful  in  the  operating  maritime  community.  The  benefit/cost  of  an  equipment  or  sys¬ 
tem  becomes  apparent  first  in  the  financial  management  areas.  In  a  medium  to  large  company  where 
management  is  separated  from  operations,  there  is  usually  an  established  distrust,  if  not  active  dis¬ 
like,  between  "operators"  and  "comptrollers". 

With  these  constraints  in  mind  it  is  now  appropriate  to  approach  potential  applications  of  GPS 
in  the  community.  With  its  splendid  capabilities  it  is  evident  that  applications  for  GPS  transcend  appli¬ 
cation  of  all  other  navigation  systems.  With  this  recognition,  it  is  now  simply  a  marketing  problem 
which  will  be  assessed  in  the  following  paragraphs. 

4.5.2  Marketing  Strategy 

With  the  currently  increasing  number  and  severity  of  environmental  catast rophies  which  mar  out 
environment  and  excite  widespread  public  attention,  the  capability  of  GPS  as  a  precise  global  navigation 
system  will  commend  GPS  utilization  to  meet  regulatory  requirements.  In  this  context  there  are  other 
conservative  forces  which  v'ill  mobilize  to  oppose  the  adoption  and  spread  of  GPS  almost  as  if  GPS  were 
a  deadly  disease.  These  conservative  forces  are  governments  and  manufacturers  of  older,  less  capable 
systems  and/or  user  equipment  for  these  systems.  These  forces  see,  from  a  narrow  viewpoint  that 
GPS  is  a  threat. 

GPS  marketing  strategy  must  include  an  approach  to  these  conservative  influences  which  is  con¬ 
vincing  of  near  term  special  interest  benefit  as  well  as  longer  term  general  public  benefits.  Indeed 
if  such  specific  benefits  are  sufficiently  apparent,  elements  normally  in  general  opposition  can  be  con¬ 
verted  to  firm  allies  for  mobilization  to  sell  GPS.  "'V 

4.  5.  3  Maritime  Market 

An  essential  part  of  Market  Development  is  identification  of  the  current  market  and  projection 
of  what  the  future  market  will  be.  Although  the  U.  S.  market  is  not  entirely  representative  of  the  global 
market  for  GPS,  studies  made  for  assessment  of  the  future  U.  S.  requirements  are  available  and  are 
considered  indicative  of  the  future  in  the  maritime  industry  (see  references). 

4.  5.  4  Market  Penetration 

As  a  general  rule,  the  GPS  penetration  to  be  expected  in  a  particular  market  area  can  be  ex¬ 
pected  to  be  on  the  basis  of  the  marginal  profitability  enjoyed  by  a  particular  user  sector.  With  this  in 
mind,  cargo  demand  becomes  controlling  over  other  factors  in  determining  marketability  of  a  support 
service  such  as  GPS.  Therefore,  it  can  be  anticipated  that  high-demand  cargo,  transport -crude 
petroleum,  or  petroleum  products  is  the  user  sector,  initially  most  receptive  of  GPS  sales  efforts. 
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™V„T‘°wr  ;S  in'identa“V  the  group  most  likely  to  be  targeted  in  regulatory  action.  Penetration  in 
other  market  sectors  will  be  dependent  primarily  on  conventional  market  pressures. 

4.  5.  5  Market  Klasticity 

.  EhlaStifi*r  °f  3  market  is  generalized  as  quantity  of  additional  sales  as  a  function  of  unit  price  of 
un.ts  to  be  sold  (user  equipment  in  the  GPS  case).  An  inelastic  market  is  defined  as  a  market  in  which 
urn  sales  are  not  affected  by  unit  price.  Negative  elasticity  is  characterized  by  increased  sales  as 
unit  price  increases.  Positive  elasticity  is  characterized  by  increasing  sales  with  decreasing  unit  price. 

Production  cost  elasticity  is  a  factor  which,  in  the  business  world,  must  be  evaluated  along  with 
price  elasticity.  Although  production  costs  are  not  the  only  factor  in  delivered  unit  price,  these  costs 
,  generally  trigger  values  which  influence  an  investor  to  mount  a  marketing  effort  to  sell  "x"  number 

relamdY1  3  Pr^e  'K  (marks'  yen'  Pounds>  etc.  )  Production  costs  generally  are  closely 

related  to  quantities  to  be  fabricated  in  a  production  "run".  For  consumer  goods  such  as  television 
sets,  the  factor  of  time  to  sell  "x"  units  at  a  price  of  "y”  often  determines  whether  a  venture  is  profitable. 

Although  GPS  probably  will  never  become  equatable  to  consumer  devices,  production  runs  of  a 
few  thousand  can  be  reasonably  undertaken  to  meet  demand  in  particular  market  sectors. 

4.  6  User  Population  and  Accuracy  Requirements 

.  TaUlVI,S'tS  f?r‘h  3  Hst  °{  marine  Population  and  radionavigation  requirments  or  accuracy  and 
coverage.  The  table  shows  accuracy  requirements  by  documented  user  class,  including  accuracy  re- 
quirements  versus  area  of  operation.  Areas  considered  are  High  Seas;  Coastal  Confluences  Zone- 
and  Harbor  Entrance  Zone.  Operations  are  indicated  in  the  areas  by  (-).  Operations  overlap  areas 
in  many  cases  and  user  populations  are  available  only  in  terms  of  totals,  therefore  accurate  distribu¬ 
tion  of  the  same  user  class  between  areas  may  not  be  possible  and  is  only  indicated  as  an  overlap.  .  Total 
world  vessel  prpulat.on  over  100  G.  T.  is  shown;  number  of  U.  S.  vessels  documented  over  5  G  T  are 
also  tabulated. 


Generally  the  requirement  other  than  accuracy  are  the  same  throughout  all  areas  as  follows: 


(1)  Coverage:  Coverage  is  required  where  there  is  commercial  traffic, 
established  oiean  routes,  throughout  the  CCZ,  and  in  major  ports. 


e.  g. 


(2)  Availability:  Continuous  availability  is  desire. 

(3 )  Capacity:  System  capacity  to  serve  the  user  must  not  be  exceeded. 

(4)  Ambiguous  position:  There  must  be  no  ambiguity. 

(5)  Cost:  All  require  low  cost  user  equipment. 

The  accuracy  requirement  for  the  high  seas  is  4  NM,  95%;  for  the  CCZ  it  is  1/4  NM  95%  A 
universal  accuracy  requirement  cannot  be  stated  for  the  HEZ.  Visual  aids  provide  for  safety  of  navi- 
ga  ion.  If  an  electronic  aid  were  to  be  provided  for  use  in  place  of  visual  aids,  the  accuracy  as  a 
minimum  should  be  as  good  as  that  provided  by  the  visual  aids.  Special  users  in  all  areas  may  have 
more  or  less  stringent  requirements. 

4.  7  Conclusions 

The  "bottom  line"  in  assesment  of  system  utility  is  user  acceptability.  In  the  maritime  com¬ 
munity  to  date,  all  equipments  manufactured  for  use  with  aH  radio  navigation  systems  (except  radar, 
fathometers  and  direction  finders)  number  in  the  order  to  two  or  three  hundred  thousand.  The  largest 
production  runs  undertaken  number  in  the  range  from  three  to  five  thousand. 

In  the  United  States,  the  Maritime  Administration  has  assumed  a  role  in  the  GPS  project.  The 
objectives  of  the  Maritime  Administration  are  to: 

(1)  Assess  applicability  of  GPS  to  meet  current  and  future  U.  S.  Maritime  requirements. 

(2)  Focus  various  Maritime  Sector  need  to  "agglomerage"  a  user  market. 

(3)  Promote  maximum  commonality  in  user  requirements  to  obtain  minimum  user 
costs  for  equipment. 

(4)  Coordinate  and  define  extended  requirements  for  GPS  to  support  National  (or  Global) 
objectives  for  environmental  protection,  safety  and  other  vital  interests. 

5.  0  AIR 


5.  1  General 

From  an  operational  civil  aviation  point  of  view,  the  GPS  should  be  considered  as  an  Area  Naviga¬ 
tion  (RNAV)  system.  The  Federal  Aviation  Administration's  Advisory  Circular  90-45A  (in  process  of 
being  updated)  sets  forth  basic  considerations  involved  in  introducing  RNAV  into  the  National  Aviation 
System  (NAS).  At  present,  the  great  majority  of  the  RNAV  systems  in  use  are  based  on  VOR/DME 
(VORTAC).  (Figures  4  and  5). 

Other  navigation  systems  which  currently  may  be  considered  to  have  RNAV  capability  include 
Loran  C,  VLF/Omega,  TACAN  and  INS/Doppler.  These  systems  may  be  approved  by  the  FAA  for 
Instrument  Flight  Rules  (IFR)  operation  enroute,  in  terminal  areas  and  for  instrument  approaches  pro¬ 
vided  they  equal  or  exceed  the  VOR/DME  RNAV  accuracies  as  specified  in  AC  90-45A.  (Figure  6) 

So  far,  none  of  these  other  RNAV  systems  have  been  approved  by  the  FAA  as  a  primary  IFR  RNAV 
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system. 

Because  of  the  angular  divergence  of  the  VOR  radials,  RNAV  route  widths  may  be  in  excess  of 

4.  0  nm  on  either  side  of  the  route  centerline  in  an  angular  splay,  depending  upon  distance  from  the 
reference  facility.  Inasmuch  as  VOR/DME  facilities  are  subject  to  line-of-sight  (radio  horizon)  limi¬ 
tation,  RNAV  instrument  approaches  are  not  authorized  at  locations  more  than  25  nm  from  the  refer¬ 
ence  facility.  Under  the  best  of  conditions,  RNAV  instrument  approach  minimums  generally  are  not 
less  than  MDA  (Minimum  Descent  Altitude)  400'  and  visibility  1  nm  (Figure  7).  Helicopter  visibility 
minimums  may  be  half  of  those  approved  for  fixed  wing  aircraft  instrument  approaches.  All  RNAV 
instrument  approaches  are  classified  as  "non  precision".  A  "precision"  approach  according  to  current 
F AA  definition  can  only  be  made  with  an  ILS  (or  future  MLS)  or  a  precision  approach  radar  (PAR/GCA) 
at  the  point  of  intended  landing.  A  Category  I  precision  instrment  approach  facility  provides  minimums 
of  200'  and  \  nm;  Category  II  100'  and  1200'  RVR,  and  Category  III  in  three  gradations  down  to  0-0. 

5.  2  RNAV  Categories 

There  are  three  basic  categories  of  RNAV  systems: 

(1)  2 -  D  -  Whereby  the  pilot  may  determine  his  cross-track  and  along-track 
position  (x-y  coordinates). 

(2 )  3-D  -  Whereby  the  pilot  may  determine  his  x-y  coordinates  plus  his  z 
(altitude)  coordinate  in  relation  to  a  desired  vertical  profile  (also  referred 
to  as  "VNAV").  (Figure  6). 

(3)  4-  D  -  Whereby  the  pilot  has  the  ability  to  arrive  precisely  at  a  point  in  space 

at  a  desired  altitude  on  a  desired  track  and  at  a  desired  time  (  x-y-z-t)  coordinates). 

4-D  RNAV  also  permits  arrival  at  a  desired  touch  down  zone  (TDZ)  on  an  air¬ 
port  or  heliport  at  a  desired  time.  (Figure  9). 

At  the  present  time,  most  general  aviation  RNAV  systems  are  2-D.  Airline  systems  generally 
are  3-D.  4-D  systems  are  still  in  development,  but  it  is  doubtful  that  they  can  be  made  sufficiently 

accurate  using  VOR/DME  sensors. 

5.  3  Ideal  Navigation  System 

In  the  present  NAS,  precision  approach  capability  is  provided  at  only  about  500  civil  airports 
and  yet  there  are  over  13,000  airports  and  heliports  in  the  United  States  and  its  possessions.  In  addi¬ 
tion  to  general  aviation's  needs  for  "precision"  instrument  approach  capability  at  thousands  of  conven¬ 
tional  airports,  there  is;  even  greater  instrument  approach  "precision"  capability  required  when  consi¬ 
dering  the  growing  need  for  precision  approaches  to  virtually  an  infinite  number  of  landing /takeoff  areas 
for  IFR-capable  helicopters  and  other  VTOL's  (vertical  takeoff  and  landing  vehicles)  now  being  devel¬ 
oped.  For  example,  approaches  to  city  center  heliports,  to  discrete  helipads  at  conventional  airports, 
to  constantly  changing  locations  for  servicing  of  pipelines,  to  thousands  of  offshore  oil  platforms,  to 
unpredictable  locations  for  emergency  rescue. 

The  ideal  navigation  system  would  be  one  which  would  have  all  of  the  following  capabilities  in 
an  integrated  system: 

(1)  Highly  accurate  enroute  navigation  accuracy  so  that  airway /route  widths  could 
be  in  the  order  of  t  0.  5  nm  (linear)  either  side  of  the  centerline. 

(2)  Sufficiently  accurate  approach  and  landing  guidance  so  that  "precision"  instrument 
approaches  could  be  made  to  any  pilot-selected  point  on  the  surface  without  the 
need  to  have  an  electronic  landing  aid  at  that  location. 

(3)  Ability  to  function  without  line-of-sight  (radio  horizon)  limitations  down  to  and 
on  the  surface. 

(4)  3-D  navigational  guidance  without  the  need  to  rely  on  any  form  of  barometric 
altimetry. 

(5)  Highly  precise  time  referenced  navigational  capability. 

(6)  Imperviousness  to  atmospheric  conditions  for  noninterrupted  operation. 

(7)  Non-saturable  capacity. 

(8)  Service  availability  to  all  classes  of  airspace  users  on  a  worldwide  basis. 

(9)  Cost  effectiveness  based  on  life  cycle  cost  analyses,  with  system  design  such 
that  it  can  have  various  levels  of  sophistication  and  thus  will  be  affordable  to 
all  classes  of  airspace  users. 

It  is  considered  that  the  GPS  could  well  meet  all  of  the  above  goals. 

5.  4  RNAV /GPS  Implementation 

On  the  basis  that  GPS  will  be  used  as  an  RNAV  system  for  civil  aviation,  it  is  interesting  to  com¬ 
pare  FAA  RNAV  and  DOD  GPS  respective  implementation  planning.  This  comparison  is  shown  in 
Table  VII  based  on  currently  available  data.  (Note:  Since  issuance,  the  FAA  RNAV'  implementation 
time  table  has  slipped  considerably,  as  have  the  GPS  implementation  phases.  ) 

It  will  be  noted  that  GPS  RNAV  could  fit  into  FAA  RNAV  implementation  quite  smoothly.  A  study 
is  needed  to  deal  with  the  general  subject  of  GPS  RNAV  interaction  with  FAA  NAS  planning  in  more 
depth,  especially  taking  into  consideration  the  implications  of  the  latest  FAA  RNAV  implementation 
policy  announced  in  January  of  197T,  which  in  effect  s  ates  that  RNAV  will  be  the  navigation  system  of 
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future  in  the  NAS. 

RNAV  as  an  operational  function  of  GFS  bears  significantly  on  both  GPS  equipment  design  and 
future  acceptance  into  the  NAS.  The  foregoing  indicates  that  the  introduction  of  GPS  RNAV  could  be 
accomplished  smoothly  and  on  an  evolutionary  transitional  basis. 

5.  5  GPS  Interaction  with  FAA  E&D  Programs 

Another  factor  which  bears  on  both  GPS  design  and  NAS  acceptance  will  be  the  interaction  of  GPS 
with  the  FAA's  Engineering  and  Development  (E&D)  programs,  which  are  based  essentially  on  the  so- 
called  Pp-Graded  Third  Generation  (UG3RD)  ATC  System  concept. 

The  FAA  UG3RD  E&D  planning  can  be  broken  down  into  21  distinct  and  identifiable  programs. 

The  Table  which  follows  sets  forth  each  of  these  programs,  with  an  "X"  to  show  items  that  will  be  im¬ 
pacted  by  GPS  to  one  degree  or  another. 

A  study  is  needed  to  describe  the  GPS  implications  for  those  items  of  the  FAA's  E&D  programs 
which  will  have  a  significant  impact  or  bearing  on  the  GPS  receiver  and  system  design  concept/s. 


5.  5.  1  E&D  Program  Plans  GPS  Impact 


Item  Subjects 

1.  Design  Concepts  for  the  UG3RD  ATC  System - X 

Airport  Capacity  Study - X 

Intermittent  Positive  control - X 

Automated  Terminal  Service 

2.  ATC  Surveillance  Radar r - X 

Data  link  surveillance - X 

3.  Technical  Development  Plan  for  DABS - X 

ATC  Radar  Beacon  System  Plan 

4.  Navigation - X 

Area  Navigation - - X 

Airborne  Separation  Assurance - X 

6.  Communications - - - X 

Data  Link  Operational  Experiments - X 

7.  ILS  Improvement  Plan - X 

Development  Plan  for  MLS - X 

All  Weather  Landing--. - X 

8.  Airport  Surface  Traffic  Control - X 

Airport  Pavement 

9.  Airport/Landside  (not  currently  included) 

10.  Oceanic  Air  Traffic  Control  Automation - X 

11.  ATC  Systems  Command  Center  Automation 

12.  Enroute  Automation 

Enroute  Control - X 

13.  Flight  Service  Station 

14.  Terminal  Tower  Control 

15.  Weather 

16.  ATC  Technology - - - X 

17.  Satellite  Experimentation - X 

Aeronautical  Satellite  Communications - X 

18.  Aircraft  Safety - -X 

19.  Aviation  Medicine 

20.  Aircraft  Propulsion  Systems /Air  Pollution - X 

Aircraft  Noise  and  Sonic  Boom - X 

2  1.  Aircraft  Wake  Vortex  Avoidance  System 

Performance  Assurance-- - X 


A  number  of  functions  outlined  in  the  foregoing  table  have  data-link  aspects  which,  when  coupled 
with  an  airborne  GPS  receiver,  can  drastically  alter  present  ATC  System  planning  and  provide  many 
NAS  benefits.  For  example,  aircraft  position  in  precise  terms  (x-y-z)  could  be  automatically  sent  via 
data  link  to  the  cognizant  ATC  facility,  thus  providing  a  surveillance  capability  supplementing  or  in 
lieu  of  radar  surveillance.  Automatic  exchange  and  comparison  of  x-y-z  coordinates  between  aircraft 
via  data  link  could  provide  a  new  dimension  to  collision  avoidance  (separation  assurance).  These  and 
other  data  link  applications  to  GPS  for  civil  aviation  should  be  examined  further  with  due  regard  to  re¬ 
ceiver  and  ATC  System  design  consequences.  (Figure  10). 

5.  6  Displays 

Since  the  primary  operational  function  of  a  GPS  receiver  will  be  to  serve  as  an  RNAV  system, 
a  suitable  control  and  display  unit  (CDU)  will  be  needed  to  interface  between  pilot  and  receiver. 

As  mentioned  in  section  5.  4,  it  will  be  relatively  simple  to  integrate  the  GPS  system  with  the 
FAA's  RNAV  planning.  Since  waypoints  are  used  to  define  a  desired  RNAV  route,  including  an  RNAV 
instrument  approach,  the  waypoints  may  be  expressed  either  in  rho/theta  with  reference  to  a  VOR/DME 
facility,  or  in  tei  ms  of  lat/Ion.  The  FAA  is  now  well  underway  in  identifying  RNAV  waypoints  in  both 
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rho/theta  and  lat/lon. 

Since  the  GPS  receiver  will  use  lat/lon  inputs  to  define  waypoints,  a  GPS  CDU  will  need  to  be  de¬ 
signed  to  receive  lat/lon  inputs  (similar  to  INS).  The  CD U  can  be  designed  in  various  degrees  of  sophis¬ 
tication,  such  as  different  capacity  levels  of  waypoiat  storage;  2-D,  3-D  or  4-D  operational  application; 
parallel  track  offset;  time  to  go;  ground  speed,  and  so  on.  A  study  should  develop  various  GPS  CDU 
concepts  with  relative  design  pricing.  (Figures  11,  12  and  13). 

The  simplest  cockpit  navigation  display  unit  will  be  today's  CDI/HSI.  For  track  guidance,  the 
vertical  track  bar  will  be  used  and  for  vertical  guidance  (if  a  3-D  GPS  system  is  used)  the  glideslope 
horizontal  bar  or  bug  (Figures  14  and  15).  More  sohpisticated  CRT  displays  can  be  included,  along  with 
preprogrammed  flight  data  storage  units.  To  the  pilot,  everything  will  be  the  same  in  the  cockpit  of  the 
airplane  to  which  he  is  accustomed,  except  for  the  extraoridnary  GPS  navigational  accuracy  and  the 
elimination  of  line-of- sight  (radio  horizon)  limitations. 

If  time  referenced  navigation  (4-D)  is  used,  "T"  display  capability  would  be  needed  to  reference 
desired  time  of  arrival  to  a  particular  waypoint  (in  space  or  on  the  surface),  together  with  a  fast-slow 
indicator.  It  is  contemplated  that  the  GPS  outputs  could  interface  with  such  sophisticated  systems  as 
flight  directors,  autopilot,  and  auto  throttle  coupling.  Its  outputs  also  could  provide  improved  cockpit 
instrumentation  such  as  absolute  altitude,  and  highly  accurate  rate  of  climb/descent  and  velocity. 

As  with  the  CDU  input  device,  various  levels  of  cockpit  displays  (output)  need  to  be  examined, 
with  alternate  pricing  and  operational  scenarios  analyzed.  This  phase  of  further  study  should  include 
a  dissertation  on  sophisticated  CRT  multi -function  displays  (MFD)  on  which  many  functions  can  be 
shown,  such  as  the  GPS  RNAV  tracks  and  waypoints,  own  aircraft  position,  other  aircraft  positions  as 
a  type  of  CAS  (Collision  Avoidance  System),  weather  contours,  and  so  on. 

5.  7  GPS  Communication 

An  essential  function  for  implementing  any  Air  Traffic  Control  System  is  the  requirement  for 
providing  communications.  The  GPS  communications  capabilities  are  considered  to  be: 

(1)  Provide  information  exchange  using  coded,  non-voice  digital  signals  or  emergency 
voice. 

(2)  Provide  data  link  for  air-to-ground  information  transfer  in  the  local  ground, 
approach  and  departure,  terminal,  and  enroute  regions  of  flight  sufficient  to 
accomplish  ATC  surveillance  functions. 

(3)  Provide  data  link  for  ground-to-air  information  transfer  for  the  same  regions 
of  flight  sufficient  to  accomplish  ATC  executive  control  functions. 

(4)  Provide  data  kink  capability  to  perform  air-to-air  information  transfer  compatible 
with  identification  and  collision  avoidance  requirements. 

No  existing  or  proposed  communication  data  link  system  meets  these  requirements.  The  cur¬ 
rent  communication  function  is  accomplished  by  VHF  voice  channels  operating  with  associated  control 
centers  such  as  the  Air  Route  Traffic  Control  Centers  (ARTCC's)  and  the  Terminal  Radar  Control 
Centers  (TRACON's). 

The  design  of  the  required  data  link  function  also  has  two  basic  options  to  choose  from  in  terms 
of  providing  coverage.  These  options  are  shown  in  Figure  16  and  involve  the  use  of  a  satellite  con¬ 
figuration  in  the  link  to  provide  for  over  water  transmissions  not  within  line-of- sight  and  for  communi¬ 
cation  to  surveillance  centers  shadowed  by  terrain  for  low  altitude  users. 

5.  7.  1  Time  Division  Multiy  'e  Access 

Concerns  for  the  communication  function  design  are  motivated  by  the  necessity  of  conserving 
spectrum  allocations  and  usage  since  only  a  finite  frequency  band  is  available  to  accomodate  the  numer¬ 
ous  potential  users  and  the  large  volume  of  exchanged  data.  GPS  navigation  has  the  singular  utility  of 
providing  for  the  incorporation  of  a  data  link  communication  technique  which  is  based  on  time  division 
multiplexing,  or  Time  Division  Multiple  Access  (TDMA),  The  timing  accuracy  of  the  GPS  provides  a 
concept  of  TDMA  with  guard  band  times  of  one  micro-second.  This  one  microsecond  timing  compares 
with  a  required  600  microseconds  per  100  nautical  miles  of  propogation  delay  encountered  in  a  one-way 
data  link.  Such  highly  accurate  timing  from  GPS  makes  the  TDMA  appear  to  be  most  fruitful  for  pur¬ 
suing.  A  planned  military  TDMA  secure  communication  system,  the  Joint  Tactical  Information  Dis¬ 
tribution  System  (JTIDS)  uses  a  similar  precisely  clocked  time  slot  concept  but  is  not  available  to 
civilian  users.  Generally,  the  time  division  concepts  imply  a  very  rigorously  structured  information 
format  with  one  central  master  network  control  function.  This  constraint  may  limit  the  flexibility 
needed  for  handling  future  growth  unknowns  and  for  accomodating  the  numerous  transient  user  terminals. 
Figure  17  depicts  the  GPS  synchronized  time  division  data  link  concept. 

5.  8  User  Community 

There  are  essentially  four  (4)  basic  user  groups  in  the  aviation  community: 

(1)  Military  (user  potential  covered  elsewhere  in  this  Agardograph), 

(2)  Air  Carrier. 

(3)  General  Aviation  Itusiness  (turbine  and  rotorcraft). 

(4)  General  Aviation  (private). 
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5.  8.  I  Air  Carrier 

lho  present  number  ot  l  .  S.  air  carrier  aircraft  is  approximately  2,500.  The  figure  is  expected 
to  grow  to  approximately  3,  000  by  1982.  An  estimated  growth  rate  of  -I  percent  is  assumed  after  that 
time. 


5.  8.  2  business  General  Aviation 

At  present,  approximately  10,000  aircraft  exist  in  this  category.  This  segment  could  grow  to 
about  20.000  in  1982.  of  which  about  5,000  will  be  IKK  certificated  helicopters.  This  group  should  in¬ 
crease  by  5'>„  to  10%  after  1982.  (Note:  U.  S.  Coast  Guard  aircraft  would  be  in  addition  to  these  numbers 
^  •  8 .  3  General  Aviation  (Private) 

Present  data  indicae  that  approximately  130,000  aircraft  fall  in  this  group.  The  number  should 
increase  to  about  190,000  in  1982  and  then  grow  at  about  a  rate  thereafter. 

s .  8 .  4  Internal  tonal  Agreement 

As  found  in  the  case  of  Omega,  even  the  slightest  idea  of  supporting  a  system  which  is  basically 
military  oriented,  is  generally  opposed  internationally.  Having  ICAO  select  a  primary  NAVA1D  gen¬ 
erally  takes  quite  a  time  period  for  negotiations  (about  5  years)  if  past  efforts  are  any  indication.  Stat¬ 
ing  that  no  GPS  user  taxes  would  be  required,  since  its  prime  mission  would  be  by  the  V.  S  DO  11  (and 
NAI'O  M.  would  minimise  this  handicap.  But.  if  user  taxes  are  suggested,  the  air  carriers  and  other 
civil  users  probably  would  not  support  the  GPS  approach  internationally  as  the  primary  NAV AID 


5.  9  Cost  /  Benefits  Analysis 

Four  broad  assumptions  are  made  in  the  light  of  the  foregoing  dissertation: 

(1)  That  the  desired  navigation  and  positioning  requirements  can  be  met  most 
effectively  by  a  satellite  based  system, 

(2)  That  the  satellite  based  system  most  likely  to  achieve  these  requirements  in 
realistic  time  frame  is  the  DOD  NAVSTAR  Global  Positioning  System. 

(51  That  the  DOD  under  any  circumstances  would  not  deny  use  of  the  CPS  C/A  signals 
for  civil  aviation. 

(4)  I  bat  charges  would  not  be  levied  against  civil  aviation  for  use  of  the  GPS. 

I  Inis,  in  order  to  determine  the  degree  to  which  such  a  system  would  be  used  from  the  stand¬ 
point  ot  civil  aviation,  a  cost  'benefits  analysis  would  appear  to  be  needed  as  the  first  step.  As  prior 
condition  tor  such  an  analysis,  however,  a  life  cycle  costing  (LCC)  analysis  of  the  GPS  would  be  essen 
tial.  The  civil  aviation  LCC  analysis  would  use  as  a  base  line  the  DODLCC  for  military  use. 

Once  this  phase  has  been  completed,  an  analytical  sutdv  should  be  initiated  covering  relevant 
aspects  ot  civil  aviation  use  of  GPS  including: 

1.  Development  of  GPS  implementation  and  integration  program  plans. 

2.  Technical  and  operational  system  analysis. 

3.  Kconomic  Benefit  and  Payoff  analysis. 

4.  Specification  of  minimum  acceptable  GPS  airborne  equipment  characteristics. 

5.  Generation  of  low  cost  GPS  hardware. 

6.  Development  of  a  detailed  ground  system  phase*in  plan  acceptable  to  government 
and  industry. 

7.  Test  plan  development. 

8.  Performance  of  test  plan. 

Analysis  of  test  results. 

10.  Test  evaluation  and  conclusions. 


5*  10  Gl*S  Certificat  ion  Conside  rat  ions 
5.  10.  1  Applicable  Regulations 


l  he  federal  Aviation  Regulations  (FAR's)  which  bear  directly  on  avionics  standards  for  civil 
aircraft  include: 

-  FAR  37  -  Covers  Technical  Standard  Orders  (TSO's)  procedures,  particularly  Subpart 
A  which  applies  to  administration  of  this  FAR,  and  Subpart  B  which  contains  TSO  specifications. 

-  FAR  23  -  Covers  certification  of  light  aircraft  (below  12,  500  lbs.  GTOWt. 

-  FAR  25  (w  ith  Appendix)  -  Covers  transport  category  aircraft. 

-  FAR  27  -  Covers  non-transport  category  helicopters. 

-  1  AK  2‘1  -  Covers  transport  category  helicopters 

-  T  A R  127  -  Covers  helicopter  scheduled  air  carriers. 

-  FAR  43  -  Covers  maintenance  rules. 

AG's  4'.  13-1  and  43.  13-2  -  Cover  acceptable  means  of  compliance  with  FAR's  including 

alterations. 


5.  .  .  2  1  uivir  on  mental  Spee  ificat  ions 

Radio  Technical  Commission  for  Aeronautics  (R  IGA)  Document  DO- 160  provides  the  basis  for 
1  A  A'*  cn\  iron  mental  specifications.  RIGA  is  a  non-profit  advisory  organisation  serving  the  govei 
mem  (primarily  the  F  \A).  and  .  .ousts  ot  representatives  of  private  industry  and  government,  both 
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civil  and  military. 

5.  10.  3  Certification 

Avionics  may  be  certified  by  the  F AA  in  two  basic  forms:  Technical  Standard  Order  (TSO)  or 
Supplements.  Type  Certificates  (STC).  (Note:  a  non-TSO  or  non-STC  avionics  unit  may  be  installed  in 
an  aircraft  by  means  of  execution  of  a  Form  337  which  warrants  that  the  equipment  will  perform  its  in¬ 
tended  function  within  the  intended  environment.  ) 

The  issuance  of  a  TSO  is  preceeded  by  an  F AA  Notice  of  Proposed  Rule  Making  (NPRM)  by  which 
all  interested  parties  may  comment  before  the  final  rule  (TSO)  becomes  effective.  An  example  of  TSO'd 
certificated  avionics  is  the  ATC  Radar  Beacon  Transponder  (TSO  C-74c).  The  terms  of  an  STC  gener¬ 
ally  are  set  forth  in  an  Advisory  Circular,  as  in  the  case  of  AC  90-45A  which  covers  STC'd  RNAV 
equipment. 

The  RTCA  prepares  many  documents  on  which  the  F AA  bases  TSO  and  STC  standards.  Others 
are  originated  in-house  by  the  FAA. 

A  few  questions  which  are  pertinent  in  considering  "minimum  performance"  for  the  purpose  of 
establishing  GPS  certification  criteria  include: 

-  Is  minimum  performance  required  in  visual  weather  (VFR)  the  same  or  different 
from  minimum  performance  required  when  LFR  in  instrument  meteorological 
conditions  ? 

-  Is  the  minimum  performance  required  in  aircraft  carrying  fare-paying  passengers 
the  same  or  different  from  that  required  in  other  civil  aircraft? 

-  Is  it  practical  to  regulate  and  enforce  the  variables  of  installation  and  maintenance? 

-  Is  it  practical  for  the  system  to  reward  performance  above  minimum?  What  para¬ 
meters  suggest  limits  on  maximum  performance? 

Optional  equipment  may  be  installed  where  carriage  and  use  is  a  user  option  rather  than  a  regu¬ 
latory  requirement.  It  must: 

-  Be  designed,  manufactured,  and  installed  so  as  not  to  impair  the  airworthiness  of 
the  aircraft,  and  to  perform  its  intended  function. 

-  Comply  with  applicable  requirements  of  FCC. 

-  Not  deny  or  impair  the  service  of  any  system  element  to  other  users  such  as 
through  interference. 

Required  equipment  must  meet  the  foregoing  three  requirements  imposed  on  Optional  equipment, 
and  in  addition  it  must  work  to  at  least  a  specific  installed  performance  minimum  and  possess  minimum 
operational  characteristics  in  order  for  other  related  elements  of  the  system  to  function. 

A  study  should  consider  the  above  points  as  well  as  the  following  elements  pertinent  to  the  estab¬ 
lishment  of  design  and  related  minimum  performance  standards  for  GPS  airborne  equipment. 

5.  10.  4  General  Considerations 

-  Establish  the  intended  limits  of  use  of  the  equipment  or  systems  covered.  The  most  compre¬ 
hensive  objective  is  to  cover  all  applications.  If,  for  some  reason,  objectives  short  of  this  are  neces¬ 
sary  to  establish  some  critical  element  or  application,  the  limited  coverage  should  be  explicitly  defined. 
The  needs  of  the  users  of  all  or  portions  of  a  report  in  this  proposed  format  must  be  considered.  Re¬ 
gulators  must  be  able  to  adapt  the  document  to  their  process,  and  producers  and  installers  must  be 
able  to  select  applicable  sections. 

-  Identify  the  test  procedures  to  be  described  and  explain  their  application  and  limitations.  Such 
procedures  should  offer  one  or  more  methods  of  demonstrating  compliance  with  performance  standards, 
and  must  recognize  that  other  methods  not  described  may  be  acceptable.  The  categories  of  test  con¬ 
sidered  in  this  format  include: 

( 1 )  Bench  Tost  -  Tests  in  standard  environment  of  equipment  only.  These  should 
provide  approximate  guidance  to  equipment  manufacturers  for  establishment  of 
design  objectives  and  monitoring  manufacturing  compliance. 

(21  Envi ronmental  Tests  -  Tests  in  stressed  environment  for  which  the  equipment 
was  designed  should  be  specified  to  assure  performance  in  expected  environ¬ 
mental  extremes.  Appropriate  guidance  should  be  provided  for  the  installer  or 
applications  engineer  concerning  the  environment  in  which  operation  is  intended 
to  insure  that  the  environmental  extremes  for  which  the  equipment  is  designed 
are  not  exceeded. 

(3)  Installed  Tests  -  May  be  used  in  lieu  of  bench  test  simulation  of  such  factors 
as  electric  power  supply  characteristics,  magnetic  field  distortion,  and  inter¬ 
ference  from  or  to  other  equipment  installed  on  the  aircraft. 

(4)  Operational  Tests  -  May  include  actual  or  simulated  signal-in- space  effects 
of  antenna  pattern  anomalies,  cable  lass,  power  and  error  budgets,  etc. 

Any  i  r  all  of  the  test  procedures  described  may  be  used  to  demonstrate  compliance  with  a  parti¬ 
cular  standard,  but  only  those  tests  essential  to  the  purpose  should  be  required.  Reports  should  use  only 
the  simplest  test  procedures  essential  to  establish  compliance  with  minimum  operational  performance 
standards. 
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5.  1 1  Conclusions 

5.  1 1.  1  It  is  considered  that  GPS  is  an  excellent  candidate  for  a  primary  civil  aviation  NAVAID  in  the 
future.  It  has  a  number  of  advantages,  some  of  the  salient  ones  being  as  follows: 

(1)  Worldwide  coverage. 

(2)  Excellent  accuracy  both  2-D  and  3-D. 

(31  Relatively  immune  to  atmospheric  disturbances. 

(41  Unlimited  capacity  and  signal  coverage  down  to  and  on  the  surface. 

(5)  Relatively  small  O&M  costs  (few  ground  stations). 

(6)  Satellite  redundancy  results  in  a  fail-safe  capability. 

5.  11.2  But  a  number  of  factors  must  be  resolved: 

(1)  Range/power/geometry/antenna  problems  must  be  considered  since  avionics 
costs  are  affected. 

(2)  Multi-path  problems  (shadowing)  must  be  resolved  if  terminal  area  appli¬ 
cations  are  considered. 

(3)  Utility  and  cost-effectiveness  for  the  civil  user  must  be  demonstrated. 

(4)  International  approval  (ICAO)  may  be  difficult  due  to  its  primary  military 
role. 

5.  1  1.  3  Assuming  that  these  disadvantages  could  be  overcome,  it  is  believed  that  the  GPS  technique  is 
an  advantageous  replacement  for  the  VORTAC  system  by  the  end  of  the  Century.  Its  worldwide  cover¬ 
age,  fail-safe  features  and  signal  reliability  have  distinct  advantages  over  Loran-C.  Its  excellent 
accuracy  and  immunity  to  atmospheric  disturbances  are  obvious  advantages  over  Omega.  However, 
due  to  the  long  transitional  process  needed  to  introduce  a  new  civil  aviation  NAVAID,  the  rapid  replace¬ 
ment  of  the  VORTAC  system  is  not  envisioned.  Rather,  a  gradual,  evolutionary  transition  to  a  GPS 
civil  aviation  navigation/collision  avoidance/  communication/sur\ eillance  system  is  visualized, 
beginning  in  the  early  to  mid  1980's. 


6.  0  TABLES 


TABLE  I 

Qualitative  rankings  of  specific  navigation  satellite  system  characteristics 


NAVIGATION  SYSTEM  MILITARY 

CHARACTERISTICS  SIGNIFICANCE 


Worldwide  Coverage 

Precision  Accuracy 

Conmon  Grid  Capability 

Passive  non-transmitting  Users 

Unlimited  Number  of  Users 

Freedom  from  Ambiguities 

High  Anti -Jam  Immunity 

Selective  Denial  to  Un-authorized  users 

Continuous  Navigation  Availability 
in  real-time 

Operation  with  High  Dynamic  Users 
Minimal  Frequency  Allocation  Heeds 
All  Heather  Operation 
Minimum  Propagation  Limitations 
Satisfactory  Form  Factor,  size,  weight 
Minimal  User  Equipment  Cost 

Autonomous  Ground  Control  from 
U.S.  Territory 

Compatibility  with  other  navigation 
Systems 

Evolutionary  transition  into 
Operational  Capability 

Provide  world-wide  Time  and 
System  Time  Synchronization 


TABLE  II 


Categorical  error  sources  for  GPS 


Error  Contributor 

Category 

' 

Satellite  Ephemeris 

Satellite  Delay  and  Clock 

Space  Vehicle  Segment 

User  Receiver  Measuranent  Error 

User  Mechanization  Errors 

User  System  Segment 

Ionosphere  Delay 

Tropospheric  Delay 

Multipath 

Propagation  Link 

TABLE  III 

GPS  error  budget,  expressed  as  uncorrelated  equivalent  ranging  errors 


C/A-CODE 


SOURCE 

CONTRIBUTION 

P-C0DE 

Satellite  Ephemeris 

1.52 

Satellite  Group  Delay 

0.«1 

and  Clock 

Pseudorange  Noise 

1.0 

Range  Quantization 

0.3 

Mechanization  Error 

1.0 

Ionospheric  Dual 

Frequency  Compensation 

Uncompensated  Ionosphere 

Daytime 

Nighttime 

3.0 

Troposphere 

1.0 

Multipath 

1.2 

RSS 

4.0 

5.0  to  15.0 
0.5  to  1.5 
1.0 
5.0 

16  to  21 


I <54.  1140.  2000  kilt 


TABLE  V 

_ Marine  radiolocation  systems 

_ Syilem  fininflrn 

Accuracy  Rri’inul 

750- 1500  ml.  per  chain  0.5-1  ml.  (Itrpo-jtnt  l«-|  3-5mln 


800-1200  ml.  -  (round-  I  (i  200  li  (ll<  pr  ai  tt-lc)  I  15  ore  lor  minutl, 

•  avriJOOOml  I  contlnuaui  tor  sulomttle  I 


I  mg  t  "<*c  n  i«  i |t  «l|pna  oirwlc 


10.2,  11.3,  13. (kill  I  8000  ml.  per  •tallun,  2  8  5.  On  ml.  by  nl(ht,  |  I'ntillon  u|>l»lr  *»rry  1  I  I  eng  -  r  t»«c  navigation,  u(l< 

I  8iifW»M»  by  •  tltllimo  I  1  n.  ml.  by  rl.iy  if  b»oIu»rl  min  In  ronunuou*  I  »Mr 


10  3,  113,  13.  0  kilt  for  I ^  100  n.  ml.  Iron  I  0  5-1.2  n  ml.  al  10-100  <  ontlnuoui 


OMIGA  •  tjtlon*.  Monitor  ala-  I  monitor  atitlon 


Worlilal.lr  atth  a  fr» 
•  IMloni  |8  Typical) 


10  percent,  I*  In 
atlmulb  (Miaolulel 


short,  la  oh.'i  .m-r»r.*e  coma! 
rmlWnct 

N  ’» If  it  Inn  and  .  vlflilan 

Ml  rnnlunrol  •  ?•!• 

N’»lg  ill  on  jml  rolln'o* 

•  void  ux  r 

Pt»>I4»i  >*•»  14 illnn  III  and  Um 

1  llllir*  1  •  •trim** 
polar  ort>U 

ims) 


Varlea  •Ilk  lallluda  from 
IIP  ml*  to  30  ml* 


TABLE  IV 

Expected  GPS  i  ivil  user  accuracy  (C/A  code) 
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POSITION 

VERTICAL 

VELOCITY 

(METERS) 

(METERS) 

(M/S) 

50%  of  time 

L 

20  to  30 

30  to  40 

0.2 

90%  of  time 

— 

30  to  30 

50  to  60 

0.3 

TABLE  VI 


Marine  Navigation  Accuracy  Requirements 
and  User  Population  Distribution 


User 


Population 


Area/Accuracy  Requirement 


Documented  U.  S. 
over  5  G.  T. 


Merchant 

tanks 

tank  barge 
cargo 

cargo  barge 
lighter 
Passenger 
Special  Purpose 
Cable 
Dredging 
Oil  Exploration 
F  erry 
Fire  Boats 
Ice  Breaker 
pile  driving 
pilot  boat 
police  boat 
patrol  boat 
water  boat 
whaler 
welding 
wrecking 
Tow  boats 
Other 

hydrographic 
minerology 
meteorology 
bathymetry 
special /scientific 
Miscellaneous 
Pleasure 
Yachting 
Fishing 

research 

COD 

Oystering 
pots,  netters 
party  boats 
bottom  travel 
purse  seine 
drift  gillnet 
trolling 
shrimping 
midwater  trawl 
scalloper 
clammers 


2,  590 

17, 956 

33 
6,  805 

10 
494 
2,  315 
267 
39 
2 

82 

104 

47 

53 

10 

2 

12 
22 
6,  309 


1,297 

1 , 400,  000  est 
37,924 
21,  583 

2 

830 


4,  200 


World 

over  100  G.  T. 


34, 347 
5,  869 

27,  708 

770 
3,  980 


3,  980 


11,949 


High 

Seas 


4NM 
( - 


4NM 


5*0" 


nM 


(— - 

'  3  NM 
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(- 
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(— 
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Figure  7  -  Format  of  RNAV  instrument  approach 
chart  (Both  lat/lon  and  rho/theta  waypoint  co¬ 
ordinates  are  shown.  ) 
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Figure  8  -  Comparable  vertical  and  horizontal 
profiles  for  3-D  RNAV. 
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Figure  9  -  Four  dimensional  (4-D)  matrix. 


Figure  10  -  Potential  expansion 
of  GPS  capabilities  in  addition 
to  navigation 


Figure  1  1  -  Representative 
RNAV  control  &  display  units 
(CDU).  INS  (A),  VLF/OMFGA 
(13)  a nd  V  OR  /  DM  K  ( V  OR  V  A  C ) 
single  waypoint  unit  (C). 
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Figure  IT  -  Communication  data  link  and  identification. 
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lhe  CPS  satellites  will  be  deployed  to  their  operational  orbit  by  means  ot  the  Allas  1  launch  vehicle 
(munufac lured  bv  Ccneral  l)yiutmlcs  Vonvair  Division),  which  carries  the  satellite  and  its  upper  stage  to  a 
suborbital  trajectory,  and  by  an  upper  stage  (nwmut ac tut ed  by  Fairchild  Space  and  Flee  trollies  i'o.),  which 
provides  tlu-  transtit  capability  tiom  the  suburb tlal  trajectory  to  an  apogee  altitude  ot  10,89b  naut leal 
miles.  At  apogee  the  apogee  kick  motor  in  t he  satellite  Ignites  and  injects  the  satellite  Into  a  10,898- 
nautlcal  mile  circular  orbit. 

Operational  CPS  satellites  will  be  deployed  tiom  the  Space  Shuttle  (under  development  bv  Rockwell 
Ini ernat tonal) ,  which  has  the  capability  ot  deploying  several  CPS  satellites  per  tllght.  The  stage  vehicles 
utilized  with  these  missions  will  be  either  the  Inertial  upper  stage  (U’S),  one  ot  which  can  cavrv  up  to  tour 
CPS  satellites;  individual  propulsive  stages  such  as  the  spinning  solid  upper  stage  (SSI’S);  or  a  special 
stage  vehicle  such  as  used  in  Che  Atlas  F  launches. 

The  launch  vehicles  and  upper  stages  are  described  in  this  section.  The  description  Includes  phvsical 
and  performance  charac t er 1st ics  and  the  expected  operational  procedure,  based  on  data  obtained  from  various 
Rockwell  International  pub l lent  tons  (for  Shuttle),  and  from  representatives  of  Ceneral  Dynamics  (for  Atlas) 
and  Fairchild  (for  the  stage  vehicle). 1 

Potential  system  improvements  being  considered  tor  the  operational  phase  will  result  in  satellite 
weight  growth,  which  can  be  accommodated  bv  launch  and  stage  vehicle  growth  options.* 


ATLAS  V 

The  launch  vehicle  for  the  Phase  1  ('.PS  program  Is  an  F-sct ies  Atlas  booster,  modi  lied  bv  a  mission- 
pec ul  lar  kit. 

The  tundament.il  Atlas  design  charac t or  1st ic  is  the  one  and  a  halt  stage  concept ,  in  which  all  three 
engines  are  Ignited  to  initiate  launch  and  all  are  ted  irotn  t he  sane  tuel  and  oxidizer  tanks.  Tvv  ot  the 

engines  are  mount  ed  on  the  lull!  stage  (hoostet  thrust  section).  The  third  engine  and  t  lie  propellant  tanks 

comprise  the  sustatuer  section.  The  booster  thrust  section  i  *.  staged  attei  the  vehicle  weight  lias  decreased 

(due  to  utilization  ot  propellants)  to  a  value  which  allows  t  lie  sustuiner  engine  l o  maintain  a  desired 

.Uielei.it  ion  (.Figure  1).  Staging  time  can  he  varied  with  changes  in  trajectory  and  payload  weight. 

Tlu  Atlas  booster  airtrarie  is  ot  stainless  steel  and  aluminum  structure  '  meters  (10  wet)  in  diameter 
and  note  t  lun  71.1  meters  (70  feet)  long.  Figure  7  depicts  its  principal  design  features.  Its  empty 
weight  is  about  seven  tons  and  it  is  composed  ol  three  sections:  i  lie  payload  adapter,  the  sustainet  sec¬ 
tion,  and  t  lie  booster  thrust  sect  ion.  lhe  adapter  connects  tlu*  upper  stage  vehicle  to  the  sustainet  sect  ion. 
The  tank  section  is  a  stainless  steel  monocoque  shell  providing  tank  space  tor  appvoxim.it  el  v  11  , 'nV  liters 
(30,000  gallons)  of  propellants  and  structural  support  tor  the  pavload  vehicle,  as  well  as  mourning  points 
tot  all  major  subsystem  components.  The  boostei  section  consists  ot  an  aluminum  cvlindei  constructed 
belt  frames,  longerons,  and  a  reinforced  skin,  witli  nacelles  and  tiieshteld  ot  a lumlnum-t iberglass  honey¬ 
comb.  The  Atlas  airframe  provides  an  optimum  design  compromise  between  lev,  weight  and  high  strength  which 
lias  proven  itself  to  be  dependable  and  effective. 

Sust  a  liter  Sec  t  Ion 

The  sustain**!  section  is  cold-rolled  stainless  steel  termed  into  a  1-meter  (10- toot)  diameter  cvlindei 
tapering  at  the  forward  (pavlo.nl  adapter)  end,  with  bulkheads  at  both  end.  Vhe  bottom  connects  with  the 
booster  section.  Tin-  tank  is  divided  into  two  sections,  separated  bv  an  intermediate  bulkhead.  Vhe  upper 
port  ion  ot  the  tank  sect  ion  contains  approx  im.it  c  1  v  77,sOO  kilograms  (171,000  pounds)  ot  liquid  oxygen  (1.0^*)  . 
The  lower  port  ion  of  tin*  fuel  tank  contains  approximately  14 . S00  kilograms  (7h,000  pounds)  ot  tuel.  Vhe 
tank  bodv  ranges  in  thickness  from  *>  cm  (0.038  inch)  to  .  0*  cm  (0.011  inch).  Vhe  main  or  sustainet 
engine  is  located  on  the  centerline  at  the  aft  end  of  the  vehicle.  Mounted  along  t Ire  sides  ot  the  propel¬ 
lant  tanks  are  two  small  vernier  motors.  Vlu*  sustainet  engine  is  gimba 1 -mount ed  and  provides  directional 
control.  After  tliis  engine  is  shut  down,  the  verniers  allow  correct  ion  in  pitch,  vaw  and  roll. 

Hie  vehicle  tanks  are  pressurized  .it  all  times  because  the  tank  sect  ion  is  not  a  rigid  structure. 

(Some  subsystem  checkout  must  be  accomplished  with  the  tanks  vented  and  the  vehicle  in  stretch.)  l'ln*  tuel 
tank  contains  more  pressure  than  the  1.0 ,  tank  in  order  to  keep  the  interned iate  bulkhead  from  reversing 
itself.  Normally,  the  vehicle  is  kept  In  stretch  bv  use  ot  a  stretch  mechanism  which  is  attached  to  the 
vehicle  and  tin*  tower.  A  load  of  newtons  ( 10,000*  pounds)  is  put  on  tin*  vehicle  in  order  to  stretch 

and  maintain  a  rigid  structure.  lhe  stretch  is  used  as  a  backup  in  case  ot  a  pressure  loss.  The  pressure- 
sensing  probes  tn  t  In  tanks  control  the  pressure  regulators  in  tlu*  hoostet  sect  ion  t o  maintain  the  proper 
pressures  tn  the  propellant  tanks. 
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Th*  Bustalner  engine  is  mnunteil  .it  the  centerline  on  the  .tit  end  ol  the  sustainer  structure.  It  has  a 
thrust  rat  Inti  of  25),  148  newtons  (57,000  pounds).  Two  vernier  englm  i  rated  at  8,846  newtons  (2000  pounds) 
thrust  each  are  mounted  on  opposite  sides  of  the  tank  section  In  the  yaw  plane  and  provide  roll  control 
during  sustainer  engine  operation  and  velocity  trim  after  sustainer  engine  cutoff.  The  sustainer  and 
vernier  engines  provide  thrust  during  the  entire  powered  portion  of  flight. 

Velocity  control  and  stabilization  are  achieved  by  gimbaling  the  engine  thrust  chamber  to  control  the 
direction  of  the  thrust  vector. 

Booster  Sec  t  ion 

The  booster  section  consists  of  a  thrust  cylinder,  a  forward  nacelle,  an  aft  nacelle,  and  a  booster 
radiation  shield.  Ihe  booster  section  houses  the  two  booster  engines  and  the  one  sustainer  engine  and  pro¬ 
tects  them  from  radiant  heat.  The  booster  section  also  provides  support  and  connection  for  the  various 
engine  components  and  accessories.  At  staging,  the  booster  section  is  Jettisoned. 

The  thrust  cylinder  is  a  reinforced  aluminum  shell  3  meters  (10  feet)  in  diameter  and  1.8  meter  (6  feet) 
long,  with  a  1.5-meter  (5-foot)  extension  covering  the  area  between  the  missile  support  longerons.  Longi¬ 
tudinal  stiffeners  are  attached  to  the  exterior  of  the  shell  for  additional  strength  and  give  the  cylinder 
a  corrugated  appearance.  The  forward  end  of  the  thrust  cylinder  connects  to  the  main  thrust  ring  on  the 
fuel  tank  and  the  aft  edge  connects  to  the  booster  radiation  shield. 

The  purpose  of  the  thrust  cylinder  is  to  transmit  he  thrust  from  the  two  booster  engines  to  the  main 
thrust  ring.  It  also  supports  the  subassemblies  of  the  booster  stage  propulsion,  pneumatic,  electrical, 
and  hudraulic  systems.  Just  aft  of  each  vernier  engine  located  on  the  exterior  of  the  thrust  cylinder  are 
two  vernier  engine  radiation  shields.  The  shields  are  made  of  laminated  fiberglass  and  protect  the  booster 
section  from  the  vernier  engine  exliaust.  The  nacelles  are  constructed  of  aluminum  honeycomb  core  bonded  to 
laminated  fiberglass  skins.  The  nacelles  extend  the  length  of  the  booster  section. 

The  booster  engines  are  rated  at  165,000  pounds  of  thrust  each,  thus  giving  a  total  thrust  capability 
at  liftoff  of  330,000  pounds  plus  57,000  pounds  of  thrust  from  the  sustainer  engine. 

Subsystems 

Propellant  Utilization  Subsystem 

The  propellant  utilization  subsystem  provides  a  means  of  controlling  propellant  flow  with  more  accuracy 
than  the  fixed  metering  orifices  in  the  propellant  feed  system  are  capable  of  maintaining.  Such  control 
eliminates  any  unbalanced  utilization  of  propellants  by  the  engines  which  might  otherwise  limit  the  perfor¬ 
mance  of  the  vehicle.  Propellant  consumption  is,  therefore,  scheduled  to  result  in  a  minimum  of  residual 
propellants.  The  scheduling  is  accomplished  by  a  propellant  utilization  valve  installed  in  the  sustainer 
engine  fuel  line.  The  system  is  capable  of  causing  a  change  of  +  15  percent  in  the  propellant  mixture 
ratio  for  the  sustainer  engine. 

The  propellant  utilization  subsystem  is  the  Acoustica  liquid-level  sensor  control  system. 

Pneumatic  Subsystem 

During  launch  and  flight,  the  pneumatic  subsystem  supplies  helium  at  regulated  pressure  for  pressuriza¬ 
tion  and  control  functions  of  the  boost  vehicle.  This  subsystem  maintains  the  required  pressure  levels  and 
differential  for  the  L0 ,  and  fuel  tanks  to  ensure: 

1.  Vehicle  tank  structural  rigidity  and  integrity  under  inertial  and  aerodynamic  loads. 

2.  Adequate  pressure  head  at  propellant  turbopumps. 

The  pneum.it ic  subsystem  also  supplies  required  pressurization  to  turbopump  lube  tanks  and  hydraulic 
reservoirs,  for  booster  stage  separation  latch  release,  and  for  operation  of  main  and  vernier  engine  control 
units. 

Six  spherical  bottles  inside  the  thrust  section  supply  the  helium  required  for  pressurization. 

Hydraulic  Subsystem 

The  space  launch  vehicle  contains  two  independent  hydraulic  systems  supplying  the  operating  pressure 
required  to  position  the  engine  thrust  chambers  for  directional  and  roll  control  of  the  vehicle  during 
flight.  One  system  is  for  the  booster  engines;  the  other  is  for  the  sustainer  and  vernier  engines.  Elec¬ 
trical  signals  from  the  autopilot  are  applied  to  hydraulic  actuator  assemblies,  each  consisting  of  a  servo 
valve,  an  actuating  cylinder,  and  a  linear  transducer. 

Hydraulic  power  for  the  booster  engine  hydraulic  system  comes  from  a  hydraulic  pump  driven  by  a  power 
takeoff  on  the  booster-engine  turbopump  assembly. 

Hydraulic  power  for  the  sustainer  system  is  obtained  from  a  hydraulic  pump  driven  by  a  power  takeoff 
on  the  sustainer  engine  turbopump  assembly  until  sustainer  engine  cutoff.  After  sustainer  engine  cutoff, 
power  for  the  vernier-engine  actuators  on  is  supplied  by  vernier,  solo  accumulators. 

Electrical  Subsystem 

The  airborne  electrical  subsystem  is  composed  of  a  28-vdc  vehicle  battery  and  a  115  vac,  3-phase, 

400-Hz  inverter.  A  change-over  switch  is  provided  for  switching  both  ac  and  dc  power  from  external  to 
internal. 


Flight  Control  Subsystem 


The  tliglit  conttol  subsy  st  cm  consists  of  an  autopilot  .system  (tin  hiding  a  (light  programme x )  and  10 
glrabaled  t  hrust-chamber  actuator  as  scrub  l  les  .  The  subsystem  st  ah  l  l  i  /es  and  steers  tin*  veliU  le  along  a 
deal  rod  t 1 lght  path  hv  controlled  orientation  o  t  the  onglno  thrust  vectors.  Pitch  at  coring  commands  ax* 
generated  by  the  t light  programmer  t rom  launch  until  staging  and  by  the  t light  programmer  and  tin  guidance 
subsystem  ti on  staging  until  the  end  ot  powered  flight. 

The  autopilot  system  la  cusiom-ta  1  lored  tor  each  Individual  space  mission.  Hu-  ml  as  lon-pccul  lax  vai  la 
t  ions  In  the  autopilot  kit  are  primarily  in  the-  timing  and  sequencing  switches  and  related  circuitry.  A 
new  Convair  high  reliability  autopilot  is  now  in  use. 

Outdance  Subsystem 

The  01  radio  Inertial  guidance  subsystem  determines  the  position  and  velocity  el  the-  vehicle,  and,  on 
the  basis  ot  the  trajectory  ob )  cc l Ives ,  commands  the-  llight  correction  necessary  to  tultill  these  objectives. 
A  ground  based  raotiopul  so ,  X-batxd  tracking  radar  transmits  composite  bursts  which  contain  identity  intornui- 
tlon,  interrogates  an  airborne  position  transponder  (pulse  beacon)  ,  and  commands  discre-tc  tunctie>ns  and 
attitude  changes.  Position  and  velocity  informal ion  (low  to  data  extraction  and  processing  circuits  in  tlu 
ground  computer,  where  commands  are  generated  to  accomplish  trajectory  objectives. 

lutorm.it  ton  from  the  autopilot  controls  gimbal  ing  v» i  the  engine  thrust  chambers  in  such  a  wav  as  to 
guide  the-  vehicle  onto  the  desired  t  light  path,  thus  closing  the  guidance  loop. 

To  lean ter ing  Subsystem 

The  telemetering  subsystem  is  the  instrumental  ion  required  to  transform  physical  variables  such  as 
temperature  and  acceleration  into  electrical  signals  which  are  transmitted  t o  ground  tor  the  purpose  ot 
securing  technical  data  during  flight. 

A  range  safety  command  dcstruct  system  is  available  tot  emergency  situations. 

Deployment  ot  GPS 

Phase  l  GPS  satellites  will  be  launched  trom  Vandenberg  Air  Force  Base  (VAFB)  using  an  Atlas-1  stage 
vehicle  launch  system  (Figure  l) .  The  orbital  period  ot  each  satellite  will  be  nearly  1  sidetal  dav 
and  thus  the  ground  trace  ot  each  ot  the  satellites  will  repeat  on  a  day-to-das  basis. 

At  the  termination  ot  boost  by  the  launch  vehicle,  the  satellite  will  be  separated  trom  the  launch 
vehicle's  final  stag*  in  a  sp  in-stab  i  l  lied  mode  and  placed  in  an  elliptical  transfer  orbit.  While  \n  i  he 
transter  orbit,  the  vehicle  will  be  commanded  by  ground  control  t o  pertorm  the  necessary  orbital  maneuvers 
m  preparation  for  insertion  ini*’  an  Initial  drltt  orbit.  These  maneuvers  include  an  approximately  180- 
degree  satellite  altitude  change  (to  align  the  apogee  kick  motor  thrust  vector  propot lv),  and  minoi 
attitude  trim  to  compensate  for  control  system. 

After  the  satellite  has  been  properly  oriented,  ignition  ot  the  apogee  kick  motor  f AKM)  will  bo  com- 
nwindod  by  Satellite  Gontrol  Facility  (SGF).  This  will  be  a*' -compl  ished  when  the  satellite  is  m-at  apogee 
In  the  transter  orbit.  At  apogee  kick  motor  burnout,  the  satellite  will  be  in  near-circular  initial 
dr i 1 1  orb i t . 

While  in  the  initial  drill  orbit,  the  satellite  will  be  commanded  by  the  SGK  to  pertorm  delta  velocity 
maneuvers  it  required  to  correct  for  orbit  period  and  eccentricitv  errors  introduced  bv  the  apogee  kick 
motor  burn.  The  need  for  the  maneuvers  will  be  determined  based  on  the  satellite  ephemerls  as  determined 
bv  the  SGF.  At  the  conclusion  ot  the  maneuvers,  the  satellite  will  be  in  a  final  drill  orbit. 

In  the  tinal  drill  orbit,  the  satellite  will  be  despun  and  stabilised  in  three  axes  through  sequences 
ot  commands  from  the  SGF.  The  satellite  will  t  list  I'*-  despun  to  a  low  rate.  Acquisition  ot  the  i.xrth  hv 
the  satellite  control  function  will  then  be  accomp l isheu ,  followed  bv  deployment  et  one  ot  the  so  lax  array 
wings.  Acquisition  of  the  sun  will  be  accomplished  while  the  satellite  is  in  that  con?  igur.xt  ion.  The 
second  solar  array  wing  then  will  be  deployed  and  the  satellite  subsystems  configured  to  operate  in  an 
autonomous  mode.  A  series  ot  delta  velocity  maneuvers  will  be  commanded  bv  SGF  to  position  the  vehicle  in 
its  final  orbit.  The  system  deployment  mission  phase  concludes  with  the  tinal  delta  velocity  mane- vet  that 
places  tin  satellite  in  its  proper  position  in  the  GPS  Phase  l  const  el lat ion. 

FA  IK  H  IP  ITPFK  ST  AG  l 

The  upper  stag*-  utilized  in  conjunction  with  Atlas  F  launches  is  mamitaetuved  bv  the  Fairchild  Space 
and  Fleetronies  Go.  A  picture  of  the  stage  is  shown  in  Figure  •< . 

The  l.l-meter  (10.  .'-feet)  long  consists  ot  three  principal  parts,  called  Stag*-  0,  Stage  1,  and  Stag*-  J. 
Figure  r>  depicts  the  various  components  ot  the  stage,  dimensional  data,  and  the  Inst  a  l  lat  ion  ot  the  stage 
on  the  Atlas  F  launch  vehicle.  Stage  0  consists  ot  the  Atlas  interface  structure,  the  dcstruct  svstem, 
separation  svstem,  and  electrical  components  and  wiring.  Stage  1  Includes  a  sol  id  rocket  motet  U'KM  No.  1), 
the  stab!  lizat  ion  system,  a  motor  Interstage  structure,  an  att  motor  structure,  separ.it  ioxx  svstem,  and 
electrical  components  and  wiring.  Stage  is  composed  ot  the  spacecraft  interlace  structure,  a  sol  id  locket 
motor  iPKM  No.  _*) ,  telemetry,  forward  motor  structure,  separation  system,  and  electrical  component  s  and 
wiring.  Interconnect  ions  between  the  various  devices  in  each  stage  and  between  the  three  stages  are  illus¬ 
trated  in  Figure  n. 


ieilgii  Kivr  Met.-if.  (PKM1*) 


PKM*>»  .lie  manufactured  by  the  Thiokol  iliotnu.il  Dorp.  Kadi  motel,  Model  Tl -M-3<w-m  ,  is  .1  O.dp-mcter 
‘  i..‘i)  diameter,  l. 67-meter  (66-inch)  long  solid  propellant  mo  tor  with  .1  6  A1-4V  l  Itanium  case  and  loaded 

1 3b  kt  to  grams  (22^  pounds)  ot  TP-H- 3062  i  lass  2  oim1  bonded  compos  i  1 1  solid  propellant.  Tlu  1 1 -M- 
ifw-M  motet  in  shown  1  n  Figur*  .  Motor  ignition  Is  accomplished  with  a  small  so L ld-prope 1 l ant  pvrogeu  dir- 
charging  its  gases  mt.  tne  auin  raot.-r  .  .wily.  The  ignition  chain  is  started  by  electr  icul  lv  tiring 
redundant  squib*.  A  reni.  e  e  lec  1 1»  cu-cb.m  tea  l  sate  and  air.  (S/A)  device  (Model  11-0-047-4)  prevents,  plena t  ui  r 
n.'t. t  ignition  in  case  ot  accidental  squib  ignition.  The  squibs  are  located  in  the  remote  S/A  device.  lhe 
1gc.1t  ;  n  impulse  is  transtiired  t  rom  the  S/A  device  to  tlu  PKM  t  hr  ough-hulkhead  initiator  hy  tlu-  use  ot 
rt-c.  aidant  Interconnect  trains  (mild  detonating  cords). 

Stabi i i/at ion  System 

The  stabi 1 i rat  ion  system  provides  the  capability  to  spin  the  stage  vehicle  and  space  vehicle  to 
approximately  9S  RPM.  It  is  a  hot  gas  generator  system  that  provides  thrust  from  six  generators  through  17 
1  i tie s  to  six  pa  i r s  of  no z z 1 e s , 

The  thrust  is  generated  by  six  ARC.  Marc  67A2  liot  gas  generators.  F.ach  generator  is  a  cylinder  7.67  by 
7c.  1  v  m  (1  bv  S.h  Inches,)  which  weighs  1.11  kiU»grams  (2.89  pounds)  and  uses  0.77  kilograms  (1.7  pounds)  ot 
ARC  I  1 1  •<  '•<  Class  7  solid  propellant.  The  ignition  chain  is  started  by  electrically  firing  redundant  initia¬ 
tor  s  ( ..qu  lbs )  . 

Structural  System 

lhe  stagt  vehicle  structural  system  (see  Figure  b)  is  comprised  ot  five  major  segments:  the  Atlas 
interface  structure  (which  mates  with  tlu-  Atlas  conical  adapter),  the  aft  motor  structure,  the  forward 
motor  structure,  and  the  space  vehicle  interface  structure. 

electrical  Power  and  distribution  System 

The  electrical  power  and  distribution  system  provides  control  and  distribution  of  electrical  power  to 
the  stage  vehicle  equipment.  The  subsystem  consists  ot  three  separate  sections,  independent  of  the  others 
and  each  featuring  total  redundancy. 

The  Stage  0  electrical  power  system  provides  the  t unctions  for  stage  vehicle-launch  vehicle  separation. 
It  also  contains  the  capability  1 o  initiate  destruction  of  PKM  1  and  PKM  7  in  the  event  of  missile  malfunc- 
t  ion. 


The  Stage  1  electrical  system  provides  the  timing,  power,  and  distribution  for  the  events  which  follow 
stage-  veh  Ic  le-  launch,  vehicle  separation.  These  events  are:  sequential  ignition  of  the  spin  system,  igni¬ 
tion  of  PKM  l,  and  Stage  l -Stage  7  separation. 

Tin-  Stage  7  electrical  system  provides  the  remaining  equipment  timing,  power,  and  distribution  functions 
that  inject  the  space  vehicle  into  transfer  orbit.  The  functional  events  are  ignition  of  PKM  7  and  separa¬ 
tion  of  the  space  vehicle  from  the  stage  vehicle. 

Ordnance  and  Separation  System 

Separ.it  ion  is  achieved  by  explosive  clamp  separator  bolts,  Ill-Shear  SC  1006-6  series.  There  are  three 
clamp  separators  in  the  Atlas-stage  vehicle  separation  Mar man  clamp  arrangement  and  two  clamp  separators  in 
tlu  stage  vehicle's  Stage  1-Stage  7  and  Stage  7-space  vehicle  clamp  arrangements.  Fach  clamp  separator 
contains  a  single  Hi-Shear  PC  60  series  power  cartridge. 

Initiation  ot  the  hot  gas  generator  spinup  system  is  achieved  by  redundant  Space  Ordnance  Systems,  Inc., 
SrtASl  series  Initiators.  There  are  two  initiators  per  generator  (12  total). 

Ignition  of  the  PKM's  is  achieved  by  initiators  in  the  remotely  mounted  PKM  safe  and  arm  devices.  There 
.ire  (wo  initiators.  Space  Ordnance  Systems  S BAS I~ typo  series,  in  each  sate  and  arm  device.  These  initiators 
Ignite  redundant  fuses  (mild  detonating  cords)  which  detonate  a  charge  of  the  through-bulkhead  Initiator 
mounted  on  the  PKM.  Detonation  of  this  charge  causes  a  high-order  pressure  wave  which  is  transmitted  through 
1  steel  dtaphram  to  the  receptor  charge  portion  of  the  initiator  (the  steel  diaphram  is  not  physically 
penetrated).  Th,  receptor  charge  is  detonated  which  in  turn  ignites  the  PKM  pyrogen  igniter,  which  dis¬ 
charges  tts  gases  into  the  main  motor  cavity. 

Destruct  System 

The  destruct  system,  located  in  the  aft  interface  structure  provides  for  destruction  of  the  stage 
vehicle  PKM’s  by  a  shaped  charge  that  penetrates  both  solid  rocket  motor  cases  in  the  event  of  a  malfunction 
prior  to  separation  from  the  Atlas  booster,  a  premature  separation  from  the  Atlas,  or  a  premature  Stage  1- 
Stage  2  separation.  Destruction  is  initiated  hy  an  uplink  command  signal  to  the  Atlas  or  by  onboard  switch 
actuation  in  the  event  of  premature  separation  of  the  stage  vehicle  from  the  Atlas  booster  of  of  Stage  1 
and  Stage  2. 

Telemetry  System 

The  telemetry  system  provides  in-flight  performance  data  so  that  anomalies,  if  any,  may  be  observed 
and  measures  taken  to  prevent  recurrence  on  future  flights.  The  characteristics  of  the  telemetry  transmitter 
and  telemetry  antenna  are  as  follows: 


1.  Telemetry  Transmit  ter 


Frequency : 

Power : 

Modular  l v»n : 
telemetry  Antenna 
Type : 

Polar  izut  ton: 

Loc  at  Ion : 

Or lentat Ion: 
cia  t  n : 


2252. ')  Mit^ 
b  watts  ui  i  n  l  mum 
PAM,  FM/ KM 

Printed  c ircuit 
Linear 
Stat Ion  37  J 
i>miild  irect  ional 

- 1 OdB  minimum  with  respect  to  Isotropic  over  VOX  ot  the  radiation 
sphere . 


SPACE  SHUTTLE 

Beginning  In  the  IV80*s  routine  access  to  space  will  be  provided  by  the  Space  Shuttle  System,  a  prin¬ 
cipal  element  of  the  Space  Transpor tat  ion  System  which  also  includes  the  Inertial  Upper  Stage  (It'S)  among 
its  other  elements.  The  Space  Shuttle  flight  system  (Figure  V)  consists  of  the  orbiter,  an  external  tank 
that  contains  the  ascent  propellants  to  be  used  by  the  orbiter  main  engines,  and  two  solid  rocket  boosters 
(SRB's).  Figure  10  gives  dimensional  data. 

The  orbiter  and  SRB's  are  reusable;  the  external  tank  is  expended  in  each  launch. 

Space  Shut  t le  Orbiter 

The  orbiter  spacecraft  (Figure  11)  contains  the  crew  and  payload  tor  the  Space  Shuttle  system.  The 
orbiter  can  deliver  to  orbit  payloads  of  29,b00  kilograms  (65,000  pounds)  with  lengths  to  18  meters  (60 
feet)  and  diameters  of  b  meters  (lb  feet).  The  orbiter  is  comparable  in  size  and  weight  to  modern  trans¬ 
port  aircraft. 

The  three  main  propulsion  rocket  engines  used  during  launch  are  contained  in  the  aft  fuselage.  The 
rocket  engine  propellant  is  contained  in  the  external  tank,  which  is  jettisoned  before  initial  orbit  inser¬ 
tion.  The  orbital  maneuvering  subsystem  (OMS)  Is  contained  in  two  external  pods  on  the  aft  fuselage. 

These  units  provide  thrust  for  orbit  insertion,  orbit  change ,  rendezvous,  and  return  to  earth.  The 
reaction  control  subsystem  (RCS)  is  contained  in  the  two  OMS  pods  and  in  a  module  in  the  nose  section  of 
the  forward  fuselage.  These  units  provide  attitude  control  in  space  and  precision  velocity  changes  for  the 
final  phases  of  rendezvous  and  docking  or  orbit  modification.  In  addition,  the  RCS,  in  conjunction  with 
the  orbiter  aerodynamic  control  surfaces,  provides  attitude  control  during  reentry.  They  take  effect  in 
the  lower,  more  dense  atmosphere  to  provide  control  of  the  orbiter  at  speeds  less  than  Mach  b.  The  orbiter 
is  designed  to  land  at  a  speed  of  9b  m/sec  (185  knots),  similar  to  current  high-performance  aircraft. 

External  Tank 

The  external  tank  (Figure  12)  supplies  the  orbiter  main  propulsion  system  with  liquid  hydrogen  (LH,) 
and  liquid  oxygen  (LO ,)  at  prescribed  pressures,  temperature,  and  flow  rates.  Both  the  LH.,  and  L0 ,  tanks 
are  equipped  with  a  vent  and  relief  valve  'o  permit  loading,  pressurization,  and  relief  functions. *  Tank 
level  sensors  provide  for  propellant  loading  and  shutdown  signals.  The  external  tank  is  thermally  protected 
with  a  nominal  1-lnch  thick  spray-on  foam  insulation  (S0F1);  extra  insulation  and  a  charring  ablator 
(SI.A  bbl)  are  used  to  withstand  localized  high  heating.  Since  the  tank  is  an  expendable  element,  its  sub¬ 
systems  are  designed  for  single  usage  to  minimize  costs. 


The  external  tank  reacts  the  solid  rocket  booster  thrust  through  its  intertank  and  provides  attach 
structure  to  the  orbiter  to  react  the  Space  Shuttle  main  engine  thrust.  At  liftoff,  the  tank  contains 
701,000  kilograms  (l.bb  million)  pounds  of  usable  propellant.  At  main  engine  cutoff,  it  is  separated  from 
the  orbiter  before  orbital  velocity  is  achieved.  The  tank  then  proceeds  on  a  ballistic  reentry  path  for  a 
safe  Impact  in  the  ocean. 

The  external  tank  consists  of  a  forward  L0.,  tank,  an  unpressurized  intertank,  and  an  LH-  tank.  The 
L0-  tank,  with  a  volume  of  bbl. 8b  cubic  meters  tl9,500  cubic  feet),  is  an  aluminum  alloy  monocoque  structure 
composed  of  a  fusion-welded  assembly  of  preformed,  chera-m t 1 led  gores,  panels,  machined  fittings,  and  ring 
chords.  The  LO.,  tank  is  designed  to  operate  at  a  nominal  pressure  range  of  20  to  22  pslg.  The  tank  con¬ 
tains  ant islosh^and  antivortex  baffles  as  well  as  an  auto-geyser  system  to  minimize  liquid  residuals  and  to 
damp  fluid  motion.  A  43-cm  (17-inch)  diameter  feedline  conveys  propellant  through  the  intertank  and 
externally  aft  to  the  tank-orb iter  disconnect.  The  tank's  double  wedge  nose  cone  reduces  drag  and  heating 
and  also  serves  as  a  lightning  rod. 

The  intertank  is  a  semi monocoque  cylindrical  structure  with  flanges  on  each  end  for  Joining  the  LO , 
and  LH2  tanks.  It  contains  the  SRB  thrust  beam  and  fittings  which  distribute  SRB  loads  to  LO  >  and  LHj  tanks. 
It  houses  instrumentation  components  and  provides  an  umbilical  plate  which  interfaces  to  a  ground  facility 
arm.  The  umbilical  plate  accommodates  purge  gas  supply,  hazardous  gas  detection,  and  hydrogen  gas  boiloff 
during  ground  operations.  The  Intertank  consists  of  mechanically  Joined  skin,  stringers,  and  machined 
panels  of  aluminum  alloy  and  is  vented  in  flight. 
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Ihc  Lli  lank,  with  .«  velum*  •  t  1 ,  *>  *  ' .  cublv-  meters  i ’>  ,  lot  *)  ,  is  j  seaimonocoquc  structure  * 
posed  t  !  us  liti-wv  Ided  barrel  t  lotb,  live  beam  ting  Iran*-.,  and  !>Tva!»l  atul  all  0.75  ellipsoidal  don.*:.. 
Ihe  l.Hj  tank  in  designed  to  operate  at  a  nominal  pressure  of  3*  to  )4  psla.  it  contains  an  anti-vortex 

■  •  •  tank-orb it el  • 

.  .  ta  i  •  t  tank  i  t<  ••...•  it t  truCT  two  i 

at  la.  r,  lutings,  the  thrust  distribution  structure,  and  the  atl  SKB-tank  stabilizing  strut  at  tac  1  uncut  s . 

So  1  Id  Roe  M- 1  Bo  e  s  t  et 

I'Wo  »e  1  id-roe  Wet  boosters  burn  li  parallel  with  the  orb  iter  main  propulsion  system  to  provide  initial 
•  •  •  •  .  ;  «  i :  i  I  i  tor ,  g  case,  propellant , 

igniter,  and  .  .-.•.le;  -truetural  s\>tems;  •-»  ,  oral  Ion,  operational  flight  instrumental  Ion,  and  rev  wet  % 
tv:.;  u ;  separation  mot.:*,  and  ,  v r  >  i «  w  •• ;  dev  e  1  »*r  a  t  iv'n  svstea;  range  safety  Jestruct  system;  and  thrust 

vevtot  control  subsvstem.  Fa,  sRH  weighs  approximately  >8t>, 'uV  kilograms  (1.2^3  million  pounds)  and 
produces  J.do  million  pounds  of  t  .rust  at  sea  level.  The  propellant  grain  Is  shaped  to  reduce  thrust 
approximately  one-third  ■  seconds  after  liftoff  t  prevent  over  stress ing  the  vehicle  during  the  period  oi 
maximum  dynamic  pit -.sure.  grain  i*.  of  venvenlional  design,  emplovmg  a  star  perforation  in  the  forward 

ux'tor  , losure  and  i  double  truncated  cone  perforation  in  each  oi  the  segments  and  aft  closure.  The  van- 
toured  nozzle  expansion  ratio  (area  t  exit  tv'  area  of  throat)  is  7.1b.  The  SKB  thrust  vector  control  is 
a  c  Iv'sed—  ’wo;  f-.vdrauliv  system  wit!,  ;  over  provided  bv  redundant  API’s  and  hydrauiiv  pumps,  has  an  omni- 
axul  global  v  a,  ability  v»t  '.L  degrees  which,  in  conjunction  with  the  orbiter  main  engines,  provides  the 
flight  control  during  t  *  «•  Shuttle  boost  phase. 

The  SRB's  are  released  by  pyrotechnic  separation  devices  at  the  forward  thrust  attachment  and  the  aft 
sway  braces.  Tight  separation  rovkets  each  SKB,  lour  aft  and  tour  forward,  separate  the  SKB  from  the 
orbiter  and  tank. 

I  he  torwaid  sec l  ion  provides  installation  volume  for  the  SKB  electronics,  recovery  gear,  range  safety 
des  t  r  uc t  system,  and  forward  separat ion  rockets.  The  parachute  deceleration  subsystem  consists  of  a  pilot 
para,  hut e,  a  ribbon  drogue  parachute,  and  ribbon  main  parachutes. 

Space  Shuttle  Mission 


V.  Space  Shuttle  svstem  will  reduce  the  costs  of  earth-orbital  operations  while  improving  operational 
v  ipabilities  and  flexibility.  With  a  due-east  launch  from  Kennedy  Space  Center  (KSC),  the  Shuttle  can 
deliver  .av'.o.ids  u;  to  s1'.  S'  pv'unds  to  a  1  SO-naut  ica  1  -mi  1  e  c  ircular  orbit.  In  addition,  the  Space  Shuttle 
.an  return  tart!  v.  t\  up  to  3.’,  .V  pounds  o  t  pavload,  a  capability  not  provided  bv  expendable  launch 
veh  tc les . 


rise  shuttle  is  launched  wit!',  the  three  arbiter  Space  Shuttle  main  engines  and  the  two  solid  rocket 
booster  burning  ..  parallel  (Figure  1**''.  A  maximum  dynamic  pressure  (())  of  b50  pounds  per  square  foot  is 
experience.:  tv.  *.e.  onds  after  launch  at  an  altitude  of  37,100  feet.  At  108  seconds,  the  X-axis  load 
factor  reac  es  i  maximum  value  ot  J .  5  g*s.  SKB  separation  occurs  at  122.3  seconds  at  an  altitude  of  142,200 
feet,  -  .at  i '  -  le  dv’w  •  t urge  tt«-  the  launch  site.  After  SKB  separation,  the  orbiter  continues  to 
ascent,  using  t  c  three  mam  engines. 

Main  e  gv«  it  takvs  pla.  «  -*  *  4  si\  ends  alter  liftoff,  when  the  orbiter  has  reached  an  altitude  of 

fev  .  i«;.  i  a  ta:  •  .  irates  at  mam  engine  cutoff.  The  OMS  engines  provide  the  additional 

velocity  .»«.:«  *t:  t«  :  itet  into  an  elliptical  orbit  having  a  minimum  apogee  of  ISO  nautical 

miles.  :  «  M--  .  ax  f  seconds  after  launch  at  an  altitude  of  418,650  feet,  when  the 

orbiter  i  .  .  .  .  .  r  .  ..  ■»  from  t  «  launch  site.  At  first  apogee,  the  orbiter  initiates  the  first  ot 

two  maneuvers  t  t  «  it  at  150  nautical  miles. 

Foil  -ing  t..  .«  t  ;  .  t  e  r :  • .  t  a  1  operations,  the  orbiter  is  oriented  to  a  tail-first  attitude. 

After  th«  Mb  i  v  .  :  «  .  «  lv tat  ion  thrust  tu-cessarv  for  deorbiting,  the  orbiter  is  reoriented  nose- 

forward  t.  :  :u  ,x  .  er  attitude  tor  entry.  The  orientation  of  the  orbiter  is  established  and  maintained 
bv  the  react!  t:  system  down  tc  the  attitude  where  the  atmospl  eric  density  is  sufficient  for  the 

pitch  and  roll  a «  t.'viviux:.  contrv'l  surfaces  tv'  be  effective  (about  2  50,000  feet  altitude  and  2n, 000  feet 
per  second  velocity!.  I  he  vaw  Kv.  S  remains  active  until  a  vehicle  reaches  an  angle  of  attack  ot  about  10 
degrees  (about  80,000  feet  altitude!. 

The  orbiter  entry  tra  colors  provides  lateral  flight  range  to  the  landing  site  and  energy  management 
for  an  unpowered  landing.  The  tr.»;e  cterv,  lateral  range,  and  heating  are  controlled  through  the  attitude 
of  the  vehicle  by  angle  ot  attack  and  bank  angle.  The  angle  ot  attack  is  established  at  18  degrees  for  the 
theoretical  entry  interface  of  8,500  feet  altitude.  The  entry  t light  path  angle  is  -1.19  degrees.  The 
38-degree  attitude  is  held  until  the  speed  is  reduced  to  21,200  feet  per  second  (about  220,000  feet 
altitude!,  is  then  reduced  gradually  tv'  28  degrees  at  17,200  feet  per  second  (about  14(1,000  feet  altitude); 
it  is  held  at  28  degrees  until  speed  is  reduced  to  8500  feet  per  second  (about  150,000  feet  altitude!,  and 
then  reduced  gradually  to  b  degrees  where  the  speed  is  about  1500  feet  per  second  (about  70,000  feet 
altitude)  at  the  beginning  of  terminal  area  energy  management. 

During  the  final  phases  of  descent,  flight  path  control  is  maintained  by  using  the  aerodynamic  surfaces. 
Terminal  area  energy  management  is  initiated  to  provide  the  proper  vehicle  approach  to  the  runway  with 
respect  to  position,  energy,  and  heading.  Final  touchdown  occurs  at  an  angle  of  attack  of  about  lb  degrees. 
The  maximum  landing  speed  for  a  14 , 500-k i lograra  (32,000-pound)  payload.  Including  dispersions  for  hot  dav 
effects  and  tailwinds,  is  about  207  knots. 

The  orbiter  normally  carries  into  orbit  a  crew  of  four,  with  provisions  for  a  crew  of  as  many  as  seven, 
and  payloads.  It  can  remain  in  orbit  nominally  for  seven  days  and  up  to  30  days  with  special  payloads. 

The  crew  controls  the  launch,  orbital  maneuvering,  atmoshperic  entry,  and  landing  phases  of  the  mission. 

The  crew  also  performs  pavload  handling. 
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fhulLle  Performance  (KSC  Launch) 

Figure  15  shows  the  maximum  payload  weight  tliat  can  be  placed  into  a  circular  orbit  from  Kennedy  Space 
'■-.•ntor  (KSC)  as  a  function  of  placement  orbit  altitude  and  inclination.  The  payload  weights  shown  are 
brjed  on  the  configuration  used  in  the  reference  missions  and  on  orbital  maneuvers  that  are  limited  to  a 
’.oh:  nn  transfer  from  apogee  of  a  50-  by  100-nautical  mile  ascent  ellipse  to  the  payload  placement  altitude, 
circularization  at  this  altitude,  and  a  direct  descent  deorbit  maneuver.  A  22-fps  orbital  reserve  is 
carried  or  contingency  operations. 

The  integral  orbital  maneuvering  system  propellant  tanks  aboard  the  orbiter  carry  only  enough  propel- 
r.i.S  io  permit  an  empty  orbiter  to  ascend  to,  and  return  from,  an  altitude  of  approximately  300  nautical 
20.1-23.  This  altitude  is  reduced  to  approximately  225  nautical  miles  when  the  orbiter  carries  its  maximum 
payload.  During  ascent,  main  engine  cutoff  occurs  when  the  orbiter  is  still  at  a  suborbital  velocity.  The 
rr.gine  cutoff  location  and  velocity  govern  the  impact  geometry  of  the  external  tank.  OMS  propellant  is 
then  used  to  complete  the  ascent.  Low-inclination  missions  launched  from  KSC  nominally  require  100  fps  from 
the  OMS  to  attain  the  required  orbital  velocity. 

Up  to  three  sets  of  auxiliary  tanks  can  be  added  in  the  cargo  bay  to  permit  the  orbiter  to  carry  a 
payload  to,  end  then  descend  from,  higher  altitude  circular  orbits.  The  additional  5,614  kilograms  (12,400 
pour.cls)  of  propellant  in  each  kit,  plus  the  1328-kilogram  (2928-pound)  dry  weight  of  the  first  tank  kit 
installation,  and  the  weights  of  the  second  and  third  kits,  must  be  subtracted  from  the  total  payload  capa¬ 
bility  to  determine  true  payload  weight. 

f  hut  tie  Performance  VAFB  Launch 

Figure  16  shows  that  the  maximum  payload  weight  that  can  be  delivered  into  a  circular  orbit  from  VAFB 
differs  from  that  attainable  with  a  KSC  launch.  The  principal  causes  of  this  difference  are  the  higher 
orbital  inclinations  of  the  missions  projected  from  VAFB  and  the  different  range  to  external  tank  disposal. 
The  effect  of  these  differences  in  an  increase  in  the  quantity  of  OMS  propellant  expended  to  accelerate  the 
orbiter  to  the  required  orbital  velocity.  At  KSC,  only  100  fps  of  velocity  is  provided  by  the  OMS.  For 
launches  fro:.  VAFB,  the  OMS  velocity  contribution  must  increase  to  at  least  350  fps  just  to  inject  the 
orbiter  into  a  50-  by  100-nautical  mile  orbit.  The  increase  in  OMS  propellant  requirements  is  reflected  as 
a  decrease  in  maximum  payload  capability.  Auxiliary  OMS  kits  must  be  employed  to  increase  the  payload 
delivered  to  altitudes  above  175  nautical  miles. 

SI;-.: : :  tle/lUS  Perf orrance,  High  Energy  Orbiter 

One  of  the  potential  stage  vehicles  to  launch  GPS  from  Shuttle  is  the  IUS.  Spacecraft  and  satellites 
whore  missions  require  very  high,  super-orbital  velocities  (e.g.,  12-hour)  will  employ  on  additional  pro¬ 
pulsive  stages  which  must  be  delivered  to  low  earth  orbit,  in  combination  with  the  spacecraft,  by  the  Space 

Shuttle. 

IUE-.TIAL  UPPEIl  STAGE 

The  IUS  is  presently  in  the  design  definition  phase.  Several  configurations  are  being  considered.  Of 
interest  to  the  GPS  application  is  the  two-stage  configuration  which  consists  of  a  first  stage  that  includes 
structure,  electric  power,  and  a  solid  rocket  motor  with  9,707  kilograms  (21400  pounds)  of  propellant  capa¬ 
city,  and  a  second  stage  which  includes  structure  for  interfacing  with  the  payload  (2.9  meters  -  9.5  feet  - 
in  diameter)  and  with  the  first  stage  (2.3  meters  -  7.6  feet  -  in  diameter),  avionics  and  electric  power, 
reaction  control  system  and  propellant,  and  a  solid  rocket  motor  with  2,722  kilograms  (6000  pounds)  of  pro¬ 
pellant  capacity.  The  overall  length  is  5  meters  (16.4  feet).  This  configuration  is  illustrated  in  Figure 
17,  which  also  depicts  the  location  of  the  principal  components. 

The  design  goals  for  the  IUS  are  the  ability  to  place  a  2268-kilogram  (5000-pound)  payload  into  a  24- 
hour  geosynchronous  orbit,  and  a  2,722-kilogram  (6000-pound)  payload  into  a  12-hour,  63°  orbit,  when  start¬ 
ing  from  the  150-nautical  mile  altitude  of  the  Shuttle  orbiter  parking  orbit. 

A  preliminary  weight  breakdown  for  the  IUS  is  shown  in  Table  1. 

Preliminary  estimates  of  the  propellant  specific  impulse  indicate  around  290  seconds. 

SHUTTLE/  IUS  DEPT.0YMENT  OF  GPS  SATELLITE 

Phase  III  of  the  GPS  program  will  require  three  orbital  planes  with  a  nodal  separation  of  120  degrees. 
In  each  plane,  eight  evenly  spaced  GPS  satellites  will  be  deployed.  The  initial  emplacement  will  require 
multiple  satellite  carried  to  parking  orbit  in  each  Shuttle  flight.  After  the  system  is  totally  deployed 
and  operational,  system  maintenance  will  require  that  satellites  be  replaced  in  case  of  malfunction.  The 
high  performance  of  the  IUS  allows  two  or  more  GPS  satellites  to  be  carried  between  Shuttle  parking  orbit 
to  GPS  operational  orbit  in  each  Shuttle  flight. 

A  typical  deployment  concept  that  has  been  investigated  consists  of  two  IUS  vehicles  each  carrying 
two  GPS  spacecraft  in  one  Shuttle  flight.  This  would  allow  deployment  of  two  GPS  satellites  to  each  of  two 
different  orbits.  The  optimum  Shuttle  parking  orbit  inclination  is  42.4  degrees,  which  results  in  a  total 
Shuttle  cargo  weight  that  remains  within  the  Shuttle  capability  and  minimizes  the  time  required  for  regres¬ 
sion  of  the  parking  orbit  from  the  initial  nodal  crossing  (injection  of  first  IUS)  to  the  nodal  crossing 
that  allows  injection  of  the  second  IUS  into  its  operational  orbit.  The  optimum  Shuttle  parking  orbit 
inclination  and  schedule  of  IUS  injection  requires  careful  consideration  of  nodal  regression  rates,  waiting 
time  in  or  it.  Shuttle  performance  to  various  orbital  inclinations,  and  visibility  to  remote  tracking 
stations . 


Table  1.  IUS  Weight  Breakdown 


Element 

Weight,  kfi  (lb) 

Stage  1 

Burnout  weight 

1,177  (2,596) 

Prope 1 lant 

9,710  (21,408) 

Expended  inerts 

9b  (211) 

Cross  Weight 

10,983  (24,215) 

Stage  2 

Burnout  weight 

813  (1,793) 

Propel lant 

2,722  (6,002) 

KSC  propellant 

88  (193) 

Expended  Inerts 

45  (100) 

Cross  Wei glit 

3,668  (8,088) 

Total  Vehicle  Weight 

14,651  (32,303) 

Installation  of  the  two  IUS/GPS  vehicles  in  the  Shuttle  cargo  bay  is  illustrated  in  Figure  18,  which 
also  shows  the  weight  of  the  vehicles,  their  center  of  gravity,  and  the  total  cargo  center  of  gravity. 
Exact  details  of  the  cradle  that  supports  the  flight  vehicles  to  the  Shuttle  cargo  bay  and  the  deployment 
procedures  after  arrival  in  orbit  have  been  studied  but  not  defined  finally.  Some  of  the  interfaces  that 
liave  been  preliminarily  identified  are  shown  in  Figure  19. 
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Figure  4.  Stage  Vehicle  System 
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SUMMARY 

In  this  chapter  different  satellite  constellations  have  been  studied  comparatively  with  the  base 
line  constellation  considering  both  coverage  and  precision  requirements.  Satellite  constellations  have 
been  found  to  be  better  than  the  base  line  in  terms  of  coverage  and  performance  of  the  Global  Positioning 
System  (GPS).  The  study  is  concluded  with  general  directions  and  guidelines  to  be  followed  for  designing 
constellations  for  the  GPS. 


1.0  INTRODUCTION 

1.1  System  Descript  ion 

The  Global  Positioning  System  is  a  navigation  system  employing  satellites  and  radio  signals  to 
provide  highly  accurate  three  dimensional  fixes  continuously  all  over  the  globe.  The  baseline  constella¬ 
tion  for  this  system  consists  of  three  orbital  planes  with  eight  satellites  in  each  plane  (3  x  8).  Satel¬ 

lites  in  each  plane  are  uni  formally  distributed  in  circular  orbits  whose  inclination  angles  are  chosen  to 
be  63  and  whose  ascending  nodes  are  uniformly  separated  in  longitude. 

The  tradeoff  study  presented  here  involving  the  orbital  parameters  has  shown  that  increasing  the 
orbital  period  provides  better  satellite  visibility  and  higher  accuracy  of  navigation  (1,2,4).  Also  increas¬ 
ing  the  number  of  orbital  planes  is  thought  to  be  more  effective  in  gaining  better  performance  than  increas¬ 
ing  the  number  of  satellites  per  plane  [  1).  Orbital  inclination  angle  is  found  to  effect  the  geographical 

location  of  better  covered  areas  (21,  specifically,  higher  inclination  angles  will  move  that  area  towards 
higher  lattitudes.  The  effect  of  the  inclination  on  the  navigation  precision  in  terms  of  POOP  has  been 
indicated  [  3,4).  The  navigation  technique  and  instrumentation  capabilities  impose  a  constraint  in  terms  of 
an  elevation  mask  angle  below  which  a  satellite  cannot  be  seen.  Of  course  the  higher  the  elevation  mask 
angle  the  more  satellites  per  orbit  are  required  for  global  coverage  (1,2],  and  at  the  same  time  the  ability 
to  navigate  as  accurately  will  be  less  for  the  same  satellite  constellation  (3,4]. 

1.2  The  Navigation  Technique 

Navigation  in  the  GPS  system  (5,6)  is  based  on  measuring  the  ranges  between  satellites  and  the 
user.  Generally  speaking,  measurement  of  range  can  be  accomplished  by  timing  the  two-way  transmission  of 
a  suitable  signal  originating  at  the  user  and  repeated  back  to  the  user  by  the  satellite  or  by  comparing 
the  time  of  arrival  of  a  signal  with  a  clock  at  the  user  synchronized  to  a  clock  at  the  satellite.  The 
latter  method  is  preferred  since  it  eliminates  radio  transmission  by  the  user  and  ensures  a  system  which 
cannot  be  saturated  as  the  number  of  users  increases,  and  hence  it  is  employed  for  the  NAVSTAR  GPS  system. 

To  maintain  clock  synchronization  with  any  clock  presently  feasible  for  inclusion  in  the  user's  equipment, 
one  additional  measurement  must  be  made.  Since  a  three-dimensional  fix  is  required,  signals  from  four 
satellites  need  to  be  received.  By  measuring  the  time  of  arrival  of  the  four  signals  relative  to  the 
user's  clock  three  position  coordinates  and  a  clock  correction  can  thus  be  determined.  Tf,  in  addition, 
the  range  rate  of  change  and  the  frequency  shift  are  measured,  the  three-component  velocity  vector  of  the 
user  can  be  found.  A  system  using  this  measurement  technique  is  termed  a  one-way  pseudo-range  system. 

A  set  of  inertial  Earth  center*  1  coordinates,  X,  Y,  and  7  as  shown  in  Figure  (1)  js  introduced  in 
which  the  satellite  positions  are  assumed  to  be  known  (bv  the  aid  of  the  tracking  stations)  and  it)  which  the 
user  wishes  to  obtain  his  position  and  velocity.  Each  satellite  transmits  a  signal  to  the  user.  These 
signals  contain  identifiable  range  codes  modulated  upon  the  carrier,  typical lv  by  biphase  modulation.  The 
signals  also  contain  the  equivalent  of  satellite  ephemerides  modulated  at  a  low  data  rate.  The  signals  are 
either  at  different  carrier  frequencies  or  are  modulated  bv  orthogonal  codes  in  order  that  the  signals  may 
he  distinguished  bv  the  user. 

A  similar  signal  is  generated  by  the  user's  unsvnehronized  clock.  Bv  means  of  a  correlation 
detector,  the  time  shift  between  a  satellite  signal  and  the  user  clock  signal  is  determined.  This  time 
shift  (T)  consists  of  the  speed  of  light  transit  delay  from  the  satellite  to  the  user  and  the  lag  of  the 
user's  time  reference  relative  to  svstem  time. 

Four  Tj's  as  measured  f rom  the  four  satellites  together  with  the  positions  of  the  four  satellites 
can  he  expressed  as  a  set  of  four  non-linear  algebraic  equations  in  four  unknowns  (three  components  of  user 
position  and  the  clock  bias).  Since  the  signals  from  the  four  satellites  are  svnehroni zed  as  one  of  the 
ground  station's  functions,  the  user  clock  bias  is  the  s.  me  in  each  of  these  equations.  The  form  of  those 
equations  is  as  follows: 


where 


V'  *V<x-x  r  +  <y-y  r  +  (z-z.)2  -  &*c 

C  *  speed  of  light 

Tj  *  Time  shift  of  the  signal  f rom  satellite  No.  \ 


(1) 


Xj.Yj.Zj  -  Components  of  the  position  vector  of  the  Jth  satellite 
X ,  Y ,  7.  -  Components  of  the  position  vector  of  the  user 
A  •  The  lan  of  the  user  clock 
\  -  1,  2,  1%  4 

if  the  location  of  the  user  relative  to  the  satellites  allows  the  determination  of  the  four  T^'s  and  the 
satellite  geometry  does  not  produce  algebraic  singularities,  the  equations  can  then  he  solved  for  the  user 
position  and  clock  Mas. 

It,  at  the  same  time  as  the  pseudo  ranges  are  measured,  the  rate  of  change  is  measured  bv  norma l 
Doppler  extraction  techniques,  four  equations  with  user  velocity  and  user  clock  trequencv  Mas  as  unknowns 
rn.iv  he  written  and  solved  tor  user  velocity  in  three  dimensions  and  user  clock  frequency  Mas.  The  equa¬ 
tions  for  velocity  determination  are  as  follows: 


(X-XjHX-X.)  +  (Y-Y  )  (Y-Y.)  ♦  (Z-Z.HZ-Zj) 


V  U-X.T  (Y-Y  )  >  (Z-Zj) 

where 

X , Y ,7  -  The  user  velocity  components 
A  -  User  clock  frequency  Mas 

1 . 2 .  Circular  Orbit s 

In  this  chapter  satellite  constellations  with  circular  orbits  are  considered.  A  circular  orbit 

is  defined  by  Its  radius  "K  "  which  is  directly  related  to  tin*  orbital  period  bv  the  following  relat ion- 

o  , 

ship.  ' 

2«(R  >2 

T  .  °  O) 


T  -  The  orbital  period  in  seconds. 

(.'  •  Universal  gravitational  constant 
-8  2  2 

-  h.hM  x  10  dvne-om  /gw 

m  -  Karth's  mass 

*’  77 

-  S.977  x  10  gm-mass 

IVnotln*  the  earth*  s  mean  radius  bv  "K^**,  which  la  the  radius  of  a  sphere  of  volume  equal  to  the  earth* 
vi>  1  ume  ,  t  hen 

S 

K  -  M71.2  Km  -  M71.2  x  10  cm 
e 

Equation  (J )  can  he  rewritten  in  terms  of  the  orbit  ’ o  earth  radii  ratio  (R(/Re'  as 
R  1  ' 

2  "t  °12  I  f)2 

T  .  *'  O) 

1  1 

(G  m  12 
e 

1 

R  1  (C  m  )2  T 
/  .?Y2  - _ ~ 

K  .  l«/o  Vl 


e  2MR0^ 


1600  (C.  m  )7  T  (S) 

1 

2tt(R  >2 
o 

where  T  In  this  last  expression  is  to  he  substituted  in  hours.  Substituting  the  values  for  different  terms 
in  ( *’!  we  get 

7 

R  . 

(  -)  -  0. 797  T  (h) 

VR 


T  •  the  orbital  period  in  hours. 

A  circular  orbit  Is  fixed  in  the  Inertial  frame  bv  defining  the  longitude  of  its  ascending  node  (111. (which 
is  the  longitude  of  the  point  satellite  in  orbit  crosses  the  equatorial  plane  going  from  the  southern 
to  the  northern  part  of  the  orhltl  and  its  Inclination  angle  (11.  (which  Is  the  angle  measured  upward  from 
the  equatorial  plane  to  the  orbital  planel. 


2.0  MATHEMATICAL  DESCRIPTION  OF  THE  PROBLEM 


In  this  formulation  of  the  problem,  all  positions  are  taken  in  reference  to  an  inertial  earth 
centered  frame  as  shown  in  Fiji;.  (1). 

2.1.  User's  Position 


(0^)  where 


A  user's  position  on  the  earth  can  be  defined  as  shown  in  Fig.  (2)  by  two  angles  (G.  ),  and 
e  *8 


6£  <t>  •  The  angle  measured  to  the  user's  longitude  at  time  (t) 
0£t(O  "  The  angle  measured  to  the  user's  latitude  at  time  (t). 


V°  '  %(to>  +  “e  “'‘o' 

9et(t)  '  6et(to> 


u)e  ■  the  earth's  angular  velocity 
-  ~  rad. /hr . 
t  ■  time  in  hours. 

t  -  the  initial  time  when  observation  starts. 


The  position  vector  to  a  user  R  can  be  expressed  as 
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Figure  (3)  illustrates  this  expression. 
2.2  Satellite's  Position 


As  mentioned  earlier  the  orbits  considered  are  circular  with  radius  (R  )  and  their  ascending 
nodes  are  uniformly  spaced  in  longitude.  Also  the  satellites  are  uniformly  spaced  in  the  orbit.  Let 

R  be  the  position  vector  to  the  nth  satellite  in  the  mth  orbital  plane.  Then  as  shown  in  Figure  (4) 
mn  ,  —  — 

we  can  write. 
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mn  m 


cos  ct1  (t)  sin  ft 
mn  r 


I  —  rv 

mn  o 

Z 

mn  -J  1— 


R  .sin  I*  (t)  cos  i  sin  ^  +  cos  0  (t)  cor  ft 
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ft^  =  the  longitude  of  the  ascending  node  of  the  mth  orbit. 

M  *  number  of  orbital  planes 
m  “  order  of  an  orbital  plane 

-  1,  2 . M 

i  =  the  orbital  inclination  angle. 

£  (t  )  a  the  initial  angle  from  the  ascending  node  to  the  satellite 
in  the  direction  of  motion. 

N  =  number  of  satellites  per  plane 
n  »  order  of  a  satellite  in  a  plane 
=  1,  2 . N 


2.1  Satellite  Visibility 


Considering  the  user-satellite  geometry  shown  in  F 1  g  u  r »  (5). 
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unit  vector  in  the  direction  of  ,  i.e.,  components 

of  K  .ire  the  direction  cosines  of  the  user, 
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(  19) 


•  unit  vector  in  the  direction  from  user  to  satellite, 
u  -  user  -  satellite  elevation  angle. 

If  the  elevation  mask  angle  Is  taken  to  be  (i  ),  then  the  nth  satellite  in  the  mth  orbit  will  be  visible 
hv  the  user  If  ra  — 

0°  <  8  <  90°  -  a  (20) 

~  —  m  v 

2.4  Geometric  Performance 


The  geometric  performance  of  the  CPS  is  measured  in  terms  of  the  position  dilution  of  precision 
(PDOP)  I  l S 1 .  PDOP  is  the  ratio  of  the  position  error  standard  deviation  to  that  of  the  pseudo  range  error 
under  the  assumption  that  the  pseudo  range  errors  from  different  satellites  are  uncorrelated  with  equal 
standard  deviations.  Smaller  vc.lue  of  PDOP  indicates  better  geometric  performance  in  the  sense  thit  the 
observer's  position  will  be  more  accurately  determined. 


Refer  to  the 
what  follows  then. 


Let 


and 


Then 


nth  satellite  in  the  mth  orbit  as  the  ith  satellite  for  simplicity  of  notations  in 
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Taking  the  dot  product  of  equation  (24)  with  o ^ 


t  hen 


R  .  •  e  .  -  R  •  e 
i  1  u  1 


(25) 


Assuming  that  the  observer  tracks  the  range  signal  perfectly  and  that  there  are  no  system  bias,  then  the 
apparent  range  Op  called  the  pseudo  range  to  the  ith  satellite  is  given  bv 


0 


i 


D.  +  B.  +  B 
1  i  u 


(26) 


where 


Then  from  (25),  (26) 


R  *  Bias  caused  by  the  difference  between  the  user  clock  and 
u  7 

the  system  time. 

Bj  ■  Bias  caused  by  the  difference  between  the  satellite  clock  and 
the  system  time. 


R  *e .  -  R  *e .  -f  B.  +  B 
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(.27) 


R  *e.  -  B  -  R,  *e ,  -  p.  +  B, 
U  1  U  11  'l  1 


(28) 


The  above  equalton  can  be  used  for  computing  the  user  position  and  time  bias  (R  and  B  ).  Considering  the 
range  measurements  to  four  different  satellites,  four  equations  of  the  form  (28)  can  be  written  In  a  matrix 
form  as  follows. 


L 


We  1 4n  wr  1 t  e  t  he  above  matrix  equal  Ion  In  a  compact  torn  as 


OX  •  AS  -  »  -  Y 


l  Ul) 


where 
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Equation  (JO)  l*  a  system  of  linear  equations  with  four  unknown  (.the  elements  of  \> .  The  me 
vector  T  generally  involves  measurement  errors. 

Considering  the  measurement  error  vector  V.  then  equation  (JO)  becomes 

Y  «  GX  ♦  V  0 1  * 

The  estimate  X  for  X  Is  given  bv  Il2|. 

— !  “  1  T  —  1 

X-IGI  cov  1  (V)  )G)  G 1  i cov  (V)  )Y  02) 


asuremont 


:  i  <» 


The  estitn.it  ion  error  is  given  ns  AX  -  X  -  X  (31) 

and  the  error  covariance  matrix  is  given  ns 

cov  (cSX)  -  E(.SX  .sx'l  -  |CT|cov''(V)  |C|  '  (34) 

Kqunt  loti  (14)  gives  the  covariant  e  of  the  errors  in  position  and  time  that  an  observer  would  have  if  he 
precisely  knew  the  measurement  error  covariance  (cov(V)l.  It  can  he  said  that  (cov(V) ) ref lects  tin*  precis¬ 
ion  of  the  (d’S  instruments,  while  G  and  CT  reflect  the  geometrical  precision  of  performance  of  the  (IPS. 
Regardless  of  some  geometric  effects  included  in  fcov(V)|such  as  t  lie  effect  of  t  lie  elevation  angle  on 
ionosphere  modeling  errors,  as  a  good  approximation  the  geometric  performance  can  he  evaluated  by  consider¬ 
ing  |cov(V)J  equal  to  the  identity  matrix  in  equation  (14).  Consequently  the  geometric  dilution  of  pre¬ 
cision  (GDOP)  is  defined  as 

T  ~  * 

cov(6X)  -  (G  C)  (35) 
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Then,  the  position  dilution  of  precision  is  given  by 


pixip  -  /5[t  + 

liuiilnly  the  time  dilution  of  precision  is  given  by 


tixip  » 


2.5  Satellites  Selection 

This  section  discusses  the  selection  of  four  satellites  among  those  visible  in  the  sky  to  pro¬ 
vide  the  lowest  POOP  and  hence  the  highest  navigation  accuracy. 

Referring  to  Figure  6,  the  tetrahedron  formed  by  the  unit  vectors  from  the  user  to  the  four 
r.rlr  I  1  i  tes  is  defined  by 


B  -  e3  - 


C  '  *•/.  -  *'| 


and  its  volume  is  expressed  as 


V  "  '  C  •  ( AxB) 
n 


It  can  he  shown  that  there  is  a  high  correlation  between  the  volume  of  the  tetrahedron  and  PDOP  [ 1 5 1 . 
Namely  PDOP  is  inversely  proportional  to  tin*  volume  of  the  tetrahedron.  Thus,  the  best  four  satellites 
to  select  from  among  those  available  in  the  skv  are  those  which  possess  the  biggest  tetrahedron  volume. 
Moreover  It  can  he  proven  that  the  highest  satellite  in  the  skv  is  one  of  those  best  four  satellites. 
Hence,  the  final  decision  to  make  is  to  select  the  best  three  satellites  available  which  when  combined 
with  the  highest  one  in  the  skv  will  form  the  beggest  tetrahedron.  The  highest  satellite  in  the  sky  is 
the  one  that  has  the  smallest  angle  among  all  visible  satellites. 


1.0  ALTERNATE  CONST!  l.UVTIONS  fOR  COVERAGE 

The  requirement  that  a  GPS  user  be  able  to  fix  his  position  in  three  dimensions  with  the  possi¬ 
bility  of  clock  bias,  necessitates  the  simultaneous  observation  of  at  least  four  satellites  at  any  moment 
In  time  from  any  user  location  on  the  globe.  The  baseline  GPS  orbit  configuration  consists  of  24  satellites 
deployed  In  three  circular,  hi  Inclined,  subsynchronous ,  12-hour  orbits.  Eight  satellites  are  uniformly 
distributed  in  each  of  three  orbit  planes  whose  nodes  are  separated  bv  120°  in  longitude. 

The  results  presented  here  are  those  arrived  at  by  Kmara  in  |1|,  and  [2)  aiming  at  finding 
satellite  constellations  that  provide  three  dimensional  continuous  global  coverage  with  a  number  of  satel¬ 
lites  lean  than  24  (the  base  line  design  number).  In  Ml  the  preliminary  studies  were  done  considering 
the  ratio  of  the  orbital  radius  to  the  earth  radius  A?)  and  the  orbital  Inclination  angle  (i)  as  the 
doc l a  ion  variables.  The  elevation  mask  angle,  (i^)  was  considered  as  a  constraint  imposed  by  the 
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The  nuMsuro  ot  the  ROi'iiK'trlr  per f  ormance  ol  the  (IPS  i s  t  ho  Pom  it  loti  Dilution  o!  Precision 
(PDOP)  which  w.i *i  defined  outlier  in  Sec*.  (.’.4)  eq.  (17).  PDOP  was  found  to  he  Inversely  proportional  to 
t  hi*  volume  ot  the  tetrahedron  formed  hv  the  four  satellites  ehosen  to  compute  t  he  position  fix  and  t  tie 
time  bias  |  l  *»  1  .  lienee,  a  user  should  ehoose  the  four  satellites  among  those  visible  in  the  skv  which 
will  provide  the  biggest  volume  of  the  tetrahedron.  One  ol  those  satellites  is  the  highest  one  in  the 
skv  (the  one  that  has  the  sm.il  lest  angle  "8"). 

In  l  I),  |  4 ) ,  Yone/awa  studies  the  geometric  performance  ol  different  satellite  const  el  1st  ions 
as  compared  Co  that  of  the  baseline  conf (gurat ion  ot  I  x  8.  His  results  are  those  presented  here.  The 
studv  suggests  some  new  const e 1 lat tons  which  provide  better  geometric  performance  than  the  baseline 
const  e l lat ion . 

A.  I  Results 

In  |  I)  performance  charset  or  1st tes  were  studied  for  the  following  constellations:  (I  x  8), 

(4  x  b),  (*>  x  4),  (*>  x  S),  (b  x  l).  (ti  x  4),  (7  x  1),  (7  x  4),  (8  x  l).  The  results  are  presented  in 
terms  of  an  average  value  of  POOP  in  Figures  (7)  through  (24).  The  latitude  vs.  performance  curves  for 
each  const e 1 1  at i on  are  drawn  at  the  inclination  angle  which  acquires  that  const e 1 1  at  ion  its  best  perfor¬ 
mance  inclination  curves. 


The  baseline  '  x  8  coni i gurat Ion  has  a  significantly  large  PDOP  average  value  about  AS  degrees 
in  latitude  lor  tin*  elevation  mask  of  10  degrees,  as  shown  in  Figure  (8).  This  divergence  of  POOP 
average  value  is  caused  bv  the  fact  that  at  times  only  four  satellites  are  visible  to  tin*  observer  about 
latitude  AS  degrees  in  the  case  of  10  degree  mask.  On  tin*  other  hand,  there  are  no  such  divergences  lor 
10  degree  mask  in  A  x  b  (Figure  10),  S  x  S  (Figure  14),  b  x  A  (Figure  18),  7x1  (Figure  20),  7  x  A 
(Figure  77),  and  8  x  1  (Figure  7A)  due  to  satellite  visibility  of  at  least  live  as  shown  in  Table  (lb). 


It  global  latitude  performances  in  S  degree  mask  for  different  const e 1 lat ions  are  compared  with 
each  other,  it  may  be  said  that  (S  x  S)  ,  (b  x  A),  (8  x  1)  are  better  than  (1  x  8);  (A  x  b)  ,  (7  x  A)  are  as 
good  as  (1x8);  (S  x  A),  (b  x  1),  (7  x  1)  are  worse  than  (  I  x  8).  Based  on  the  performance  in  both  cases 
ol  V*  and  10"  mask,  (b  x  A)  and  (7  x  A)  are  the  best  and  (A  x  b),  (7  x  I),  and  (S  x  S)  come  in  at  second 
place.  Noting  that  (7  x  A)  required  more  satellites  than  the  baseline  we  are  left  with  (b  x  A)  as  the 
best  choice. 

In  |4]  the  performance  of  the  following  const e 1 lat ions ,  (1  x  8)  baseline,  (A  x  b) ,  (b  x  A)  is 
studied  at  different  orbital  periods  and  mask  angles.  The  geometric  performance  is  considerably  improved 
as  t  lie  orbit  period  increases.  For  the*  elevation  mask  ranging  form  *»°  to  10°  the  geometric  performance 
at  a  specified  inclination  is  improved  by  making  orbit  period  longer.  However,  no  further  substantial 
improvement  may  be  possible  it  orbit  period  reaches  to  a  certain  value,  sav  74  hours,  (Figures  77,  11,  IS). 
For  higher  elevation  mask  enhancement  in  geometric  performance  and  satellite  visibility  can  be  achieved 
by  increasing  orbit  period  to  some  extent  (Figures  77,  11,  IS).  The  number  of  visible  satellites  tor 
each  configuration  at  several  elevation  mask  angles  is  shown  statistically  in  Tables  (17,  18,  l4*).  It  may 
be  said  that  foui  visible  satellites  chosen  through  the  satellite  selection  algorithm  stay  longer  as  an 
optimal  set  lor  longer  orbit  period. 


A. 7  Conclusions 


1.  Comparing  the  performance  of  different  const  el lat ions  in  the  case  of  S  mask  we  can  sav 
that  (S  x  '>)  ,  (b  x  A)  and  (8  x  1)  are  better  than  the  baseline  while  (A  x  b)  and  (  ’  x  ■•) 
are  as  good  as  the  baseline  and  ( S  x  A)  and  (7  x  1)  are  worse  than  (1  x  8),  and  finally 
(b  x  1)  is  not  worth  considers! ion . 

7.  booking  at  the  performance  curves  for  ID*  mask  we  can  rank  the  different  const ol lat ions  as 
follows:  (b  x  A),  (7x4)  are  the  best  and  (A  x  b),  (7  x  1),  (*>  x  *>)  come  in  at  second 
place.  Noting  that  (7  x  A)  requires  more  satellites  than  the  baseline,  then  I  he  best 
oho  I oe  is  ( b  x  A)  . 


I.  Increasing  the  number  of  orbits  may  be  more  ol feet ivo  in  enhain  ing  the  geometric  performance 
of  I  he  orbit  conf 1 gurat ion  than  increasing  the  number  ot  satellites  in  each  orbit.  (For 
example,  (b  x  A)  is  better  than  (A  x  b)  and  (8  x  1)  is  better  than  (7  x  8)). 

A.  The  following  must  cl  1st  ions,  (1x8)  at  b!  incltnat ion,  (A  x  b)  at  SO  inellnat  ion, 
and  (b  x  A)  at  b0°  inclination  provide  verv  much  the  same  precision  when  employed  with 
a  74  hour  orbital  per  it'd. 
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ORBfTAL  PLANE 


Tab  It-  1 


Satellite  Constellations  for  Three  Orbital  Planes 


Period  in  Hours 

Constellation 

r 

K.° 

24.0 

|  48.0 

M*N 

’  ] 

3*5 

3'5 

3*5 

Inc  1 inat ion 

Angle 

,  , 

63.0* 

45.0* 

or 

63.0* 

or 

75.0* 

30.0' 

or 

45.0' 

or 

63.0' 

or 

75.0 

M'N 

3*6 

3*6 

3*5 

Inc  1 inat ion 

Angie 

45.0° 

or 

63. 0* 

or 

75.0* 

30.0* 

or 

45.0* 

!  or 

63.0* 

'  or 

75.0* 

45.0' 

or 

63.0' 

or 

75.0' 

Table  2 

Satellite  Constel la t Ions  for  Four  Orbital  Flancs 


Constellation  j 

j 

Period  in  Hours 

12.0 

24.0 

48.0 

M*N 

4*5 

4  *4 

L _ 

4  *4 

Inc  1 ina  t ion 

Angle 

63.0* 

75.0* 

I _ 

45.0* 

or 

75.0* 

M*S 

4*6 

|  4*5 

4*5 

Incl inat ion 

63.0* 

i 

Table  3 


Averagt  Observability  Statistics  for  the  3*5  Constellation 
with  48  hr-period,  10*  Mask,  4S*  Inclination 


Table  4 

Avexage  Observability  Statistics  for  the  3''?>  Constellation 
with  48  hr-period,  10*  Mask ,  63*  Inclination 


Nutbrr  of  VlnibU  Satellites  (AM  Area) 


ORBIT 

CONSTELLATION 

INCLINATION 

(*W> 

ELEVATION  MASK 
MIN  AVKRACE 

S" 

MAX 

ELEVATION  MASK 
MIN  AVKRACE 

10* 

MAX 

3  * 

8 

63 

6 

H.  1 

u 

4 

7.7. 

Q 

4  « 

6 

M) 

b 

8.2 

10 

s 

7.7 

U 

5  « 

4 

bS 

5 

b .  8 

A 

6.0 

Q 

5  * 

5 

70 

b 

H.4 

10 

' 

7.S 

10 

6  x 

55 

A 

b.7 

8 

A 

S.  4 

R 

6  * 

4 

60 

7 

R.  I 

11 

s 

7.2 

1 1 

7  x 

3 

65 

*» 

7.7 

1  1 

s 

6.  A 

8 

7  " 

4 

55 

7 

**.  5 

1  1 

b 

8.  4 

17 

fi  x 

3 

60 

b 

8.  7 

11 

b 

7.7 

10 

Note:  Average  In  taken  over  uniformly  distributed  observers  on  t  lie  rat 


TAB1  F  1  7 

Number  ol  Visible  Satellites  for 
b3  Degree  Inclined  3*8  Configuration 


- — - - 

1  1 evat ion 

f'asb 

0RR 1 1  PER IOP 

““ - 

Min 

12  hours 

Avpr.co 

Max 

Min 

2A  hours 

Average 

Max 

Htn 

<*b  hours 

Aver  af« 

5’ 

b 

8.1 

n 

b 

<1.  2 

11 

0 

10.  A 

lO" 

A 

7.2 

Q 

(> 

8.7 

1 1 

b 

Q .  l 

15' 

A 

6.3 

« 

A 

7.3 

0 

b 

7.7 

70' 

4 

5.4 

8 

4 

b .  A 

u 

A 

b.  1 

25’ 

3 

7 

4 

5.4 

8 

A 

5.4 

30" 

2 

7 

3 

7 

4 

35" 

1 

_ 

s 

•> 

2 

7 

3 

NOTE:  Average  is  taken  ovet  uniformly  distributed 
observers  on  the  earth. 


TABLE  18 

Number  of  Visible  Satellites  for 
50  Degree  Inclined  4  »  6  Configuration 


ORBIT  PERIOD 

Elevat ion 

12  hours 

24  hours 

96  hours 

Mask 

Min 

Avei age 

Max 

Min 

Average 

Max 

Min 

Average 

’tax 

5* 

6 

8.2 

10 

6 

9.2 

11 

6 

10.2 

12 

10° 

5 

7.2 

9 

6 

8.2 

11 

6 

9.3 

12 

15* 

5 

6.3 

8 

6 

7.3 

9 

6 

8.  3 

11 

20" 

3 

7 

5 

6.4 

8 

5 

7.2 

10 

25° 

2 

7 

3 

7 

5 

6.3 

8 

30" 

2 

6 

2 

7 

3 

8 

35° 

1 

6 

2 

6 

2 

7 

NOTE:  Average  Is  taken  over  uniformly  distributed 
observers  on  the  earth. 


TABLE  1 6 

Number  of  Visible  Satellites  for 
60  Degree  Inclined  6*4  Configuration 


1.1  cv.it  ion 

Mask 

~ 

ORBIT  PERIOD 

— 

— 

■  ■ 

Min 

12  hours 

Average 

Max 

Min 

24  hours 

Average 

Max 

Min 

96  hour. 

Average 

»  Max 

5" 

7 

8.3 

11 

7 

6.2 

12 

0 

10.4 

i? 

10" 

5 

7.2 

11 

6 

8.2 

11 

7 

9 . 2 

ii  1 

15" 

4 

6.2 

9 

5 

7.3 

11 

6 

8.3 

1 1 

C 

O 

rg 

4 

5.5 

7 

4 

6.3 

10 

5 

7.3 

n 

25" 

3 

7 

4 

5.5 

7 

4 

6.4 

10 

30" 

2 

7 

2 

7 

4 

5.5 

7 

35° 

1 

_ 

6 

2 

7 

2 

7 

NOTE:  Average  is  taken  over  uniformly  distributed 


observers  on  the  earth. 


1  igure  7  not  available  at  time  of  publication 
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SUMMARY 


The  purpose  of  this  paper  is  to  give  an  anlytical  method  for  the  optimal  selection  of  four 
satellites  for  the  estimation  of  the  user's  position  in  Global  Positioning  Systems  (GPS).  It  is  shown 
that  the  present  problem  can  be  completely  discussed  within  the  framework  of  linear  estimation  theory  which 
converts  the  optimal  selection  of  satellites  into  the  optimal  orientation  of  four  antennas.  An  estimator 
equation  is  presented  in  this  paper  which  has  been  shown  to  give  better  estimation  results  compared  with 
the  estimator  equation  which  has  been  used  for  the  position  determination  in  GPS  up  until  the  present.  The 
four  satellites  to  be  selected  are  obtained  by  directly  minimizing  the  determinant  of  the  covariance  of  the 
estimation  error. 


1.0  INTRODUCTION 

It  is  well  known  that  four  satellites  are  enough  to  determine  the  user's  position  in  GPS  (Ref.  1). 
One  of  the  controversial  problems  is  the  selection  of  four  satellites  in  such  a  manner  that  the  estimation 
error  of  the  user's  position  should  be  minimized. 

Bogen  (Ref  2)  stated  that  there  was  an  extremely  high  correlation  between  the  volume  of  the 
tetrahedron  and  Position  Dilution  of  Prediction  (P.D.O.P.).  There  are  two  kinds  of  errors  which  should  be 
taken  into  account  in  the  problem  of  satellites  selection,  i.e.,  the  errors  involved  in  the  user's  measure¬ 
ment  and  those  errors  in  the  prediction  of  satellite  position  and  the  satellite  clock  drift  (Ref.  3).  It 
will  be  shown  that  these  errors  should  be  treated  separately. 

In  this  paper,  the  problem  of  optimal  selection  of  four  satellites  is  discussed  from  the  point  of 

linear  estimation  theory.  A  new  estimation  equation  is  presented  for  tfre  optimal  selection,  which  is  shown 

in  Ref.  4  to  give  better  estimation  in  the  case  where  the  two  kinds  of  errors  are  involved  as  in  GPS.  The 
optimal  selection  of  four  satellites  in  GPS  is  determined  by  directly  minimizing  the  determinant  of  the 

covariance  of  the  estimation  error.  It  is  shown  that  the  error  covariances  which  are  involved  in  GPS 

uniquely  determine  the  four  satellites  in  an  optimal  fashion. 

The  organization  of  this  paper  is  as  follows.  In  Section  2.0,  the  problem  is  mathematically  formu¬ 
lated  and  a  solution  to  the  satellite  selection  is  given  in  Section  3.0.  The  previous  results  on  the  optimal 
satellite  selection  (Ref.  1,  2)  are  discussed  from  the  point  of  the  present  method  in  Section  4.0. 


2 . 0  PROBLEM  STATEMENT 


where 


According  to  Ref.  1,  we  have 


ei  -1' 


-i 


-i 


R  :  Position  vector  of  observer 

I— 

R 


3" 


B, 


x1. 


Position  vector  of  i-th  satellite 
Bq:  Bias  caused  by  the  difference  between  the  observer  clock  and  system  time. 
Bj.*  Bias  caused  by  the  difference  between  the  satellite  clock  time  and  system. 


(1) 


ei  A  i/llDil! 

Pi  A  Di  +  Bi  +  Bo 


and  z'  shall  denote  the  transpose  of  z  throughout  the  rest  of  the  paper. 


:4-: 


H  A 


e  '  -1 


V  -1 


l-e4  'lJ 


Considering  the  case  where  the  measurement  has  an  error,  Eq .  (1)  is  written  as 


where 


y  *  Hx  +  € 

y  €  IR  ,  x  <  R  and  e  is  the  measurement  error. 


(2) 


Roughly  speaking,  the  user  in  GPS  can  determine  his  position  by  measuring  the  relative  position 
to  the  satellites  whose  exact  positions  are  not  known  and  must  be  predicted  with  unneglectable  errors  (Ref. 3). 
Thus,  even  in  the  ideal  case  where  the  user  can  make  a  measurement  without  errors,  he  can  only  determine  his 
position  with  some  errors.  Therefore,  x  in  Eq .  (2)  must  be  regarded  as  a  random  variable  which  is  indepen¬ 
dent  of  e. 


Without  loss  of  generality,  we  may  assume  the  following: 
E{e}  ®  0 
E{ee'}  =  q 
E{x}  =  0 


(3) 


E{x 


where 


Q  and  V  are  positive-definite  matrices.  The  matrix  0  is  the  error  covariance  of  the  user's  measurement 
while  the  matrix  V  is  the  error  covariance  of  x  caused  through  the  prediction  errors  of  the  satellite 
position  and  the  satellite  clock  drift. 


The  problem  to  be  considered  is  stated  as  follows:  Given  error  covariances  Q  and  V,  determine 
the  satellites  (or  equivalently  the  matrix  H)  in  order  to  minimize  the  estimation  error  of  x  . 


3.0  OPTIMAL  SELECTION  OF  FOUR  SATELLITES 


Ref.  4  shows  that  the  linear  estimate  %  of  x  which  minimizes  E(l|x  -  x|l2}  is  given  by 


x  =  (h'q'1h 


V'V1  H'i)-1y 


(4) 


with  corresponding  error  covariance 

'}  -  +  V_1) 


E{(x-x)(x-x)'}  -  'u'""1”  ■- 


(5) 


Since  the  estimate  given  by  Eq .  (4)  depends  on  H,  we  shall  denote  x  by  x^,  i.e. 


Xjj  =  (H'Q  LH  +  v'1)'1  H'Q_1y 


(6) 


The  problem  of  determing  the  optimal  selection  of  satellites  can  be  restated  as: 
Determine  H  so  that 


det  (E{  (x-Xjj)  (x-Xjj)  ^})  is  minimized. 


By  Eq .  (5),  we  have 


det  (EUx-itjjMx-^)'})  =  (det  (H'Q~1h  +  V-1))"1 


(7) 


In  GPS  we  can  set  H  (Ref.  1)  as 
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sin 

°i 

COS 

*1 

sin 

°i 

sin 

cos 

G1 

-1 

sin 

02 

cos 

*2 

sin 

02 

sin 

*2 

cos 

02 

-1 

sin 

°3 

cos 

*3 

sin 

03 

sin 

*3 

cos 

03 

-1 

sin 

°4 

cos 

*4 

sin 

04 

sin 

K 

cos 

04 

-1 

(8) 
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The  JUOS  relative  navigation  technique,  as  professed  in  the  Hippocratic  principle  that  the  \ 
treatment  shall  not  leave  the  patient  worse,  takes  care  not  to  degrade  the  performance  of  any  members 
of  the  conrnunity.  Recognizing  that  the  tactical  grid  position  may  only  be  loosely  related  to 


This  is  due  to  the  fact  that 

■  (sin  0^  cos  ^  sin  0^  sin  cos  0^  -1] 

where  i  *  l,  2,  3,  4  . 

In  other  words,  the  selection  of  satellites  is  equivalent  to  the  orientation  of  the  vectors 
e.(i«l,  2,  3,  4),  which  is  equivalent  to  the  determination  of  0^  and  ^(1-1,2,  3,  4). 

A  little  Insight  into  the  practical  situations  indicates  that  the  orientation  of  the  vectors  e^ 
should  be  symmetric  from  each  other  and  Information  should  be  obtained  from  all  the  directions  as  evenly 
as  possible.  Thus  we  may  set 


(i  -  1,  2,  3,  4) 


il»t  "  (i-l)"/2 


where  0  is  some  constant  and  0  £  0  £  n/2 

By  Eqs.  (8)  and  (9),  the  matrix  H  explicitly  depends  on  0,  which  we  denote  by  H(0).  Substituting 
Eq.  (9)  for  Eq.  (8),  we  have 


sin  0 

0 

cos  0 

-1~ 

0 

sin  0 

cos  0 

-1 

(10) 

sin  0 

0 

cos  0 

-1 

0 

-sin  0 

cos  0 

-1 

We  assume  that 


jQ  -  qtl 

( v  *  Si, 


where  and  are,  respectively,  m  x  m  and  n  x  n  identity  matrices  and  q  and  are  positive  constants. 

From  Eqs.  (7)  and  (10),  the  problem  under  considerat ion  is  reduced  to 

max  det(H'(0)Q_1H(O)  +  v"1)  (12) 

(K0<n/2 

Eqs.  (10)  and  (11)  give 

det  (H'(0)<f Vg)  +  v"1)  -  (-2q_1t  +  2q'*  +  «'V  [(16q"2  +  Aq'V1  -  16)t  +  6'1(4q"1  +  6’1)) 


t  A  cos  0  (14) 

Let  f(t)  be  the  right  hand  side  of  Eq.  (13),  then  the  optimization  problem  to  be  solved  is: 

max  f(t) 

0<t<l  . 

An  easy  calculation  leads  to  the  folloivng  solutions  of  the  maximizing  problem. 

? 

If  q  >1  and  6  >0,  then  t  »  0  is  optimal. 

3 

If  q^  <  l  and  0<6  <  .  then  t  «  0  is  optimal. 

M  “  4(l-q) 


If  q^  <  1  and  0  <  k  <  A  ,  then  t  «  t  is  optimal 
4(l-q) 


*  I  1  .  — - 

1  ’  3  +  3  4q26-4c$-q 


which  may  belemed  rP,at,VP  nav,<jatlon  system  employs  these  inputs  to  perform  five  basic  functic 


•  GRID  SYNCHRONIZATION 


:44 


Recalling  the  definition  given  by  Eq.  (14),  we  get  the  following  table  of  the  optimal 


0 


* 


Case 

Conditions 

A 

Optimal  0 

a) 

q  >  1,  6  >  0 

fl/2 

b) 

0  <  q  <  1,  0  <  6  <  a 

n/2 

c) 

0<q<l,  0<a<6 

COS  * /t* 

* 

where  t  is  given  by  Eq.  (15)  and 

a  a  2q3~q 
4(l-q2) 

A 

Since  0  -  n/2  violates  the  fact  that  any  three  vectors  out  of  {e^ | 1*1 ,  2,  3,  4}  must  be 

linearly  independent  and  the  function  f(#)  is  monotone  decreasing  with  respect  to  t,  we  must  take  0  as 

close  to  tt/2  as  possible  in  the  cases  a)  and  b)  of  the  above  table  in  the  practical  situations. 


4.0  ON  THE  PREVIOUS  RESULTS 

In  Ref.  2t  c  in  Eq.  (2)  is  regarded  as  an  error  which  is  due  to  ephemeris  modeling,  ionosphere 
modeling,  troposphere  modeling,  multipath,  receiver  noise,  etc.  That  is,  the  errors  involved  in  the 
problem  of  satellite  selection  are  not  classified  as  it  was  done  in  this  paper. 

The  following  estimation  equation  is  presented  in  Ref.  2. 

X  =(H'Q~1H)~1  H'Q'V  (16) 

with  error  covariance  given  by 

(H-p'^r1  (17) 

Following  the  method  presented  in  Section  3.0,  H  can  be  determined  by  minimizing 

det  (ICQ'1!))'1  (I8) 

or  equivalently  by  maximizing 

det  (H'Q  1H)  (19) 


Theorem 


If  H  is  singular  and  Q  is  positive  definite,  then  there  does  not  exist  matrix  H  which  gives 
physically  reasonable  estimate  of  x. 


Proof 


and 


It  is  enough  to  show 

det  (H'Q_1H)  -  0 

Since  H  is  singular,  the  null-space  N(H)  of  H  contains  a  non-zero  vector,  say  u,  i.e., 
Hu  -  0 


Then  clearly 


u  4  0 


H"0_1Hu  =  0 


N(H'Q~*H)  +  (0) 


Thus  H^Q  is  singular 


Q.E.D. 


wr-SSSrsSsSSS" 


*** 


^ouolnnmon 


t  nf  a  nrototvnP 


Theorem  Indicates  that  the  estimator  equation  Eq.  (16)  does  not  give  a  reasonable  estimate  of 
x  In  the  case  where  H  is  given  by  Eq .  (10). 


5 • 0  CONCLUSIONS 

An  analytical  method  to  the  problem  of  the  selection  of  four  satellites  Is  given  which  shows 
the  problem  can  be  discussed  as  one  of  the  linear  estimation  problems.  The  result  Indicates  that  the 
noise  covariances  defined  by  Eq .  (11)  uniquely  determine  the  four  satellites  which  give  the  minimum 
value  of  determinant  of  the  estimation  error  covariance. 
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SUMMARY 

The  Joint  Tactical  Information  Distribution  System  (JTIDS) 
evolved  from  separate  developmental  programs  initiated  independ¬ 
ently  by  the  US  Air  Force  and  the  US  Navy.  The  genesis  of  these 
predecessor  programs  is  traced  and  the  reasons  for  merging  them 
into  a  joint  services  development  program.  In  addition,  the 
major  technology  evolution  affecting  the  JTIDS  engineering  approach 
is  touched  upon. 


The  Joint  Tactical  Information  Distribution  System  (JTIDS)  is  a  full  scale  tactical 
command  and  control  system  under  joint  development  by  all  the  Armed  Forces  of  the  United 
States  under  the  executive  leadership  of  the  US  Air  Force.  JTIDS  has  planned  applications 
throughout  a  broad  range  of  scenarios  for  the  various  services  and  embodies  the  most  ad¬ 
vanced  technology  of  any  tactical  system  of  such  broad  scope  currently  planned.  The  fol¬ 
lowing  papers  expose  various  aspects  of  the  system  concept,  architecture,  engineering 
applications,  and  intended  use  of  the  system. 

It  would  be  historically  inaccurate  to  leave  the  impression  with  readers  of  this 
tome  that  the  JTIDS  concept  rose  in  full  form  like  Aphrodite  from  the  sea  without  the 
labor  pangs  of  dedicated  engineers,  technologists,  and  service  officers.  This  intro¬ 
ductory  chapter  is  meant  to  limn  some  major  episodes  and  influences  in  the  evolution 
of  the  JTIDS  concept  as  viewed  by  one  present  and  contributing  during  the  period  of  con¬ 
ception,  and  an  interested  observer  at  the  birth  of  JTIDS.  This  chronicle  is  intended 
to  provide  recognition  to  the  contributions  made  by  numerous  individuals,  unnamed  herein, 
who  contributed  through  their  respective  agencies  to  the  evolution  of  the  JTIDS  concept. 

JTIDS  did  not  originate  the  basic  technologies  which  it  utilizes,  but,  as  with 
many  successful  engineering  programs,  it  synthesized  numerous  emerging  key  technologies 
into  a  specific  system  concept  and  provided  impetus  for  some  specific  theoretical  con¬ 
cepts  to  be  reduced  to  practical  engineering  concepts. 

The  emergence  of  digital  technology  coincided  with  the  transition  of  command  and 
control  systems  from  a  reliance  on  continuous  wave  (CW)  technology  to  pulse  technology. 

For  example,  precision  radio  navigation  technology  of  the  1940's  and  1 950 '  s  relied 
heavily  on  phase  measurements  of  signals  from  closely  controlled,  coordinated,  essentially 
CW  transmissions  from  "master"  stations  (e.g.  Loran,  Omega  Systems).  Such  systems  were 
limited  partly  by  the  difficulty  in  providing  each  user  with  a  sufficiently  accurate 
self-contained  clock  to  permit  direct  comparisons  of  phase  or  time-of-arri val  (TOA) 
information,  so  that  such  navigation  systems  were  limited  to  comparisons  of  phase  between 
receptions  from  several  such  master  stations.  In  early  digital  communication  systems, 
however,  the  relative  clock  inaccuracies  were  overcome  by  providing  a  synchronization 
signal  from  the  transmitter  on  which  the  receiver  system  would  lock,  effectively  elim¬ 
inating  the  possibility  of  direct  phase  or  TOA  measurements.  Such  systems  were  quite 
naturally  separate  and  distinct  and  there  was  little  reason  to  combine  communication 
and  navigation  systems  into  common  hardware.  The  development  of  the  accurate  (  1  ppm) 

local  digital  clocksin  a  form  accessible  to  every  user  was  a  key  technological  step 
toward  JTIDS. 

The  essentially  pulse  waveform  technology  base  of  JTIDS  was  provided  in  large  part 
by  developments  such  as  TACAN/DME.  These  systems  introduced  cooperative  pulse  trans¬ 
mission  technology  on  a  large  scale  in  the  1950‘s  and  were  the  first  systems  to  treat 
extensively  the  problems  of  multiple  users  in  a  limited  spectrum,  albeit  in  an  uncoor¬ 
dinated  way.  As  one  of  the  first  pulse  oriented  systems  with  broad  applications,  the 
TACAN  system  made  an  easy,  natural  transition  from  analog  electron  tube  technology  of 
the  late  1950's  to  digital,  solid  state  technology  of  the  mid-to-late  I960' s . 

The  multiple  user,  random  access  charac ter  1 s 1 1 cs  of  the  TACAN/DME  system  lead  to 
the  development  of  a  system  which  was  extremely  conservatively  designed  for  its  intended 
use.  This  conservatism  was  key  to  the  eventual  selection  of  the  Lx  band  for  the  appli¬ 
cation  of  JTIDS  (See  Chapter  HID).  The  resulting  underutilization  of  this  portion  of 
the  spectrum  by  TACAN/DME  service  led  to  several  exploratory  studies  by  the  Naval  Air 
Systems  Command  in  the  mid-1960's  which  considered  the  feasibility  of  utilizing  the 
TACAN  pulse  transmission  characteristic  as  the  basis  for  a  secure  tactical  communications 
service  in  addition  to  the  navigation  service.  These  studies  can  reasonably  be  con¬ 
sidered  to  be  the  genesis  of  the  integrated  communi cati on-navi gati on- i denti fi cati on 
(IC;!I)  functions  later  embodied  in  JTIDS. 
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Several  efforts  were  begun  in  the  late  1960's  by  the  US  Air  Force  and  US  Navy 
which  directly  influenced  the  course  which  was  to  result  in  the  JTIDS  program.  These 
programs  were  severally  conducted  under  exploratory  development  programs  of  these 
services  (research  and  development  efforts  in  command  and  control).  In  their  earliest 
phases,  these  programs  were  called  Integrated  Tactical  Navigation  System  (ITNS), 

Integrated  Tactical  Air  Control  System  (ITACS),  both  pursued  by  the  Naval  Air  Systems 
Command,  and  Seek  Bus,  sponsored  by  the  USAF  Electronics  Systems  Division. 

The  ITNS  program  arose  from  several  influences.  In  the  late  1 9  6  0 '  s  the  Naval 
Air  development  Center  was  investigating  a  broad  range  of  synergistic  combinations  of 
navigation  techniques  and  equipments  under  the  Advanced  Optimal  Navigation  Equipment 
(A-ONE)  program  sponsored  by  the  Naval  Air  Systems  Command.  At  the  same  time,  advanced 
satellite  navigation  programs  eventually  leading  to  the  NAVSTAR  Global  Positioning 
System  (GPS)  were  under  study.  As  a  low  cost  alternative  to  potentially  expensive 
satellite  navigation,  the  Chief  of  Naval  Development  directed  the  A-ONE  program  to  con¬ 
centrate  on  a  specific  tactical  combination  of  inertial  navigation  and  emerging  TOA 
technology  in  a  concept  pioneered  by  the  Singer  Company.  This  concept,  expanded  and 
further  developed  by  the  Naval  Air  Development  Center,  became  the  ITNS  concept  which  is 
the  heart  of  the  navigation  portion  of  JTIDS.  The  key  technologies  utilized  by  ITNS 
were  the  combination  of  emerging  TOA  technology  and  inertial  technology  with  a  novel 
application  of  Caiman  filter  theory.  Chapter  1 1  I B  and  its  sub-chapters  explore  this 
contribution  in  detail.  The  ITNS  concept  was  deemed  central  to  open-ocean  naval  opera¬ 
tions  of  combi  ri  d  naval  surface  and  air  forces  of  the  future  and  was  thus  explored 
technically  and  operationally  in  various  scientific  and  fleet  exercises  (see  Chapter 
V.  A.  2). 

In  parallel  with  the  ITNS  development,  the  Naval  Air  Systems  Command  was  exploring 
the  applications  of  various  radio  technologies  to  airborne  communication  systems  which 
would  be  data  secure,  jam  resistant,  and  would  be  difficult  to  intercept  or  detect.  As 
a  part  of  this  ITACS  program,  the  Naval  Research  Laboratory  investigated  the  application 
of  spread  spectrum,  frequency  hopping,  and  time  hopping  in  time  division  multiple  access 
(TDMA)  systems.  All  of  these  techniques  were  to  find  application  in  ITACS  and  eventually 
in  JTIDS.  Under  the  leadership  of  the  Naval  Air  Development  Center,  these  techniques 
were  made  a  part  of  a  broad  ITACS  architecture  addressing  command  and  control  communica¬ 
tions  across  many  elements  of  the  radio  spectrum,  including  HF,  UHF,  and  Lx  bands. 

Since  ITACS  and  ITNS  were  administered  from  a  single  office  within  the  Naval  Air 
Systems  Command  and  both  were  executed  by  the  Naval  Air  Development  Center,  the  two 
programs  were  closely  coordinated.  When  it  was  deemed  that  their  individual  sub-goals 
were  sufficiently  achieved,  the  two  programs  were  merged  in  1973  for  closer  coordination 
of  detailed  hardware  development. 

Meanwhile,  the  Air  Force  Electronic  Systems  Division  had  begun  the  Seek  Bus  program. 
The  concept  engineering  for  Seek  Bus  was  performed  by  the  Mitre  Corporation  in  response 
to  an  emerging  requirement  from  the  Tactical  Air  Command  for  broader  information  sharing 
in  tactical  command  and  control,  with  the  Airborne  Warning  and  Control  System  (AWACS)  in 
the  vanguard  of  this  new  requirement.  Seek  Bus  could  trace  its  ancestry  to  a  previous 
Mitre  Corporation  exploratory  development  called  Position  Location,  Reporting  and  Control 
of  Tactical  Aircraft  (PLRACTA ) .  In  the  PLRACTA  program,  elements  of  electronic  position 
measurement  and  position  reporting  were  explored  with  emphasis  on  jam-protected  communica¬ 
tions.  The  Seek  Bus  program,  which  emerged  in  the  early  1 9  7  0 ' s ,  was  more  specifically 
directed  to  anti-jam  communications  for  the  E3A  AWACS  aircraft  mission. 

A  large  degree  of  technical  cooperation  and  interchange  existed  between  these 
programs  beginning  in  the  late  1960's.  As  each  program  in  its  early  phase  was  directed 
toward  specific  non-dupl i ca t i ve  but  related  goals,  the  Mitre  Corporation  and  the  Naval 
Air  Development  Center  compared  technical  approaches  frequently. 

In  addition,  the  Defense  Directorate  for  Research  and  Engineering  ( D  D  R  &  E )  monitored 
these  technical  efforts  until  the  confluence  of  two  elements  suggested  management  action. 
As  specific  technical  solutions  were  demonstrated  by  the  several  programs,  specific  serv¬ 
ice  applications  began  to  emerge  and  DDR&E  decided  that  interoperability  was  an  issue 
that  required  attention.  At  the  same  time,  a  convergence  of  the  Seek  Bus  and  ITNS/ 1 TACS 
programs  on  a  similar,  but  not  identical,  set  of  technical  approaches  indicated  that 
single  common  solution,  or  at  least  a  controlled  family  of  solutions,  would  brake  the 
proliferation  of  disparate  equipments  in  the  defense  inventory.  In  1973,  DDR&E  directed 
the  services  to  establish  a  joint  development  program  to  satisfy  the  needs  of  all  with 
anti-jam  L-band  ICNI  system  with  tactical  grid  relative  navigation  capability. 

In  response,  the  Joint  Logistics  Commanders  recommended  the  establishment  of  JTIDS, 
a  joint  services  program  office  (JPO),  under  the  executive  leadership  of  the  USAF.  All 
four  services  have  deputy  program  managers  at  the  program  office  and  all  of  the  technical 
efforts  of  the  Air  Force  Seek  Bus  and  the  Navy  ITNS/ITACS  programs*  were  placed  under  the 
cognizance  of  that  office  in  1974. 


*  An  exception  being  the  most  advanced  ICNI  multifunction  architectural  development  in  the 
other-than-L-band  portions  of  the  spectrum.  This  part  of  the  program  is  still  peculiarly 
Navy  in  its  formative  stage,  and  is  known  as  the  Tactical  Information  Exchange  System 
(TIES),  see  Section  III.  A. 
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Position  References,  Navigation  Controller  and  certain  other  select  units  called  Primaries  use 
round  trip  timing  for  clock  synchronization.  Other  units  synchronize  passively  using  multiple 
pseudo-range  measurements. 
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Close  continuing  technical  interface  between  the  Naval  Air  Development  Center  and 
the  Mitre  Corporation  before  the  merger  made  the  transition  relatively  simple.  The 
Mitre  Corporation  had  invited  the  Naval  Air  Development  Center  to  participate  in  the 
selection  of  the  Seek  Bus  contractor,  the  Hughes  Company  (see  Section  IV.  D.  (1)),  and 
the  Naval  Air  Development  Center  had  involved  the  Mitre  Corporation  in  the  evaluation 
of  the  ITT  Corporation  concept  for  distributed  time  division  multiple  access  to  become 
a  part  of  JTIDS  (see  Section  IV.  B). 

The  JTIDS  JPO  was  able  to  quickly  move  forward  in  two  areas:  the  establishment 
of  a  mutually  inclusive  set  of  operational  requirements  (initially  for  the  Navy  and 
Air  Force,  later  to  include  the  Army  and  Marine  Corps)  and  to  establish  a  mode  of 
interoperability  for  the  several  types  of  equipment  being  developed  under  the  prede¬ 
cessor  programs. 

The  two  services'  technical  agents  were  able  to  quickly  settle  upon  a  common  signal 
waveform  for  JTIDS  to  provide  for  interoperability  between  the  two  earliest  systems 
already  being  built  by  Hughes  and  Singer  (see  Sections  IV.  D.  (1).  a.  and  IV.  D.  (2),  a.) 
and  to  provide  for  the  growth  to  the  Distributed,  Advanced  and  Hybrid  TOMA  forms  and  to 
insure  their  interoperability  with  the  earlier  systems  (see  Sections  IV.  B.  and  IV.  C.). 
At  the  same  time,  the  strong  merged  technical  team  agreed  that  a  highest  risk  item  in 
the  development  program  was  the  as-yet  untried  Reed-Solomon  block  error  coding  and 
decoding  scheme.  The  Naval  Air  Development  Center  immediately  contracted  with  the 
ITT  Corporation  and  the  TRW  Corporation  to  demonstrate  this  key  element  of  the  system 
des i gn . 

The  value  of  the  merger  of  the  programs  has  been  clearly  demonstrated  both  in  the 
area  of  joint  requirements  and  interoperability  and  in  the  formation  of  a  very  strong 
merged  technical  team.  The  widowm  of  permitting  independent  parallel  approaches  during 
concept  development  and  merging  the  best  features  of  all  approaches,  only  when  the 
objectives  are  clearly  common,  will  be  further  validated  by  the  multiplicity  of  success¬ 
ful  system  types  which  are  about  to  be  demonstrated  in  flight  tests. 
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JTIDS  SYSTEM  OVERVIEW 
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SUMMARY 


1.0  BACKGROUND  AND  SYSTEMS  CONCEPT 

The  JTIDS  concept  has  evolved  as  a  solution  to  the  deficiencies  of  current  1 ine-of-sight 
tactical  coninuni cat  ions ,  navigation  and  identification  systems  in  the  overall  military  command, 
control  and  communications  environment.  In  the  past,  separate  systems  of  "black  boxes"  have  been 
developed  to  meet  individual  requirements  or  deficiencies  in  these  areas  and  the  results  have 
been  limitations  in  system  capacity  and  coverage,  lack  of  connectivity  between  diverse  systems, 
low  levels  of  survivability,  obsolescence  of  data  and  inability  to  correlate  identification  and 
position  data  on  friends,  neutrals  and  hostiles.  .JTIDS  addresses  all  of  these  deficiencies 
through  a  development  that  provides  a  secure,  jam  resistant,  fully  integrated  communications, 
navigation,  and  identification  (ICNI)  system.  The  features  which  JTIDS  integrates  are  summarized 
in  Figure  l . 


FIGURE  1 
JTIDS  FEATURES 

(1)  SECURE,  JAM-RESISTANT  INTEGRATED  COMMUNICATIONS,  NAVIGATION, 

IDENTIFICATION  ( ICNI )  FOR  TACTICAL  COMBAT  ENVIRONMENT. 

(2)  COMMUNICATIONS 

-  INFORMATION  DISTRIBUTION 

-  DIGITAL  VOICE 

-  COMMON  FRAME  OF  REFERENCE 

(3)  NAVIGATION 

-  RELATIVE 

-  GEODETIC  CORRELATION 

-  TACAN 

(4)  IDENTIFICATION 

-  INHERENT 

-  MARK  XII 

1.1  Communications  Functions 

JTIDS  provides  the  critical  communications  functions  required  for  combat  operations  in 
the  tactical  theatre: 

(1)  Information  distribution  of  such  critical  data  as  position 
information  on  friendly  participants,  track  information  on 
hostiles,  threat  warning  and  control  and  vectoring  information. 

(2)  Digital  voice  for  use  where  the  data  distribution  function  will 
not  suffice  and  a  supplementary  capability  is  required. 

(3)  A  common  frame  of  reference  provided  by  the  JTIDS  relative 
navigation  function  so  that  data  can  be  exchanged  in  clear, 
unambiguous  position  coordinates. 

1.2  Navigation  Functions 

JTIDS  also  provides  the  following  navigation  functions  without  which  the  accurate 
correlation  of  position  data  from  mutiple  data  sources  would  be  difficult,  if  not  impossible: 

(1)  A  precise  relative  navigation  capability  which  provides  a 
common  grid  and  precise  relative  positioning  capability  to  all 
participants  in  a  JTIDS  network. 

(2)  Geodetic  correlation  of  the  relative  grid  which  provides 
geodetic  alignment  and  positioning  of  the  relative  grid  when 
two  or  more  JTIDS  users  in  a  network  are  either  accurately 
surveyed  or  can  provide  other  sources  of  geodetic  data  such 
as  satellite  navigation  data  to  their  JTIDS  terminals. 

(3)  Emulation  of  the  TACAN  interrogator  function  in  all  JTIDS 
tactical  aircraft  terminals  to  provide  backward  interoperability 
with  current  TACAN  beacons  and  elimination  of  redundant  TACAN  "black 
boxes"  on  JTIDS  equipped  tactical  aircraft. 
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1.3  Identification  Features 

The  following  identification  features  of  JTIDS  complete  the  ICNI  capability: 

(1)  Inherent  identification  of  all  JTIDS  equipped  platforms  through  inter- 

*  change  of  position  and  identification  data  by  all  JTIDS  equipped  platforms. 

(2)  Emulation  of  the  Mark  XII  IFF  transponder  function  in  all  JTIDS  Phase  II 
command  and  tactical  platform  terminals  for  backward  interoperability 
with  all  Mark  X/XII  IFF  interrogators. 

1.4  The  JTIDS  Network 

The  basic  JTIDS  building  block  is  a  single  communications  circuit  that  simultaneously 
services  several  users.  The  capacity  of  the  circuit  is  shared  among  participants  on  the  basis 
of  time  division,  using  a  technique  known  as  time-division  multiple-access  ( TDMA ) ,  as  shown  in 
Figure  2. 


FIGURE  2 

TYPICAL  PARTICIPATION  IN  THE  JTIDS 


Each  participant  in  the  JTIDS  network  is  equipped  with  a  synchronized  clock,  and  is 
assigned  a  sufficient  portion  of  the  system  capacity  to  accommodate  the  number  of  messages  likely 
to  be  required  by  his  mission.  During  his  assigned  transmit  times,  each  user  broadcasts  data 
into  a  commonly  accessible  communications , data  stream,  represented  by  the  ring  in  the  figure. 

AH  other  elements  can  extract  information  of  the  type  they  require  by  cont inuouslv  moni toring 
and  sampling  the  data  base.  Digital  processing  provides  each  participant  with  selective  access 
to  all  of  the  information  generated  by  the  other  elements  by  applying  fixed  and  variable  filters 
to  incoming  messages. 

Participants  who  have  information  will  broadcast  that  information  routinely  into  the  net 
without  needing  to  know  who  the  recipients  may  be;  tactical  elements  needing  the  data  will 
extract  it  from  the  net  without  needing  to  know  who  furnished  it.  The  user  does  not  have  to 
request  information  from  a  specific  party,  or  wait  until  he  is  notified  of  information  important 
to  his  mission;  instead,  he  decides  what  category  of  data  he  wants  -  such  as  hostile  aircraft 
within  a  50-mile  range  -  and  he  will  receive  everything  the  system  has  in  that  category. 

1.5  JTIDS  Messages 

An  individual  message  inserted  into  the  data  base  may  be  intended  for  general 
dissemination  or  it  may  be  addressed  to  one  or  more  discrete  recipients.  Consequently,  JTIDS 
simultaneously  effects  communication  from  one  element  to  many  elements,  from  one  to  one,  from 
many  to  one,  or  from  many  to  manv . 

JTIDS  will  support  two  basic  message  types  -  formatted  and  unformatted: 

(1)  Formatted  messages  are  highly  structured  and  conform  to  predefined 
.JTIDS  formats.  Each  information  bit  has  specific  meaning;  therefore,  a 
large  amount  of  information  can  be  compressed  into  a  single  time  increment. 

Formatted  digital  messages  are  expected  to  replace  much  of  the  traffic 

now  carried  on  UHF  voice  channels. 

(2)  Unformatted  messages  transmit  data  that  does  not  fit  the  standard 
message  formats,  such  as  digital  voice  and  teletype. 

1 
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One  qround  station  provides  translational  stability,  but  allows  the  grid  to  drift  in  rotation 
around  that  station.  The  mobile  primary  Users  serve  as  the  rotational  reference  for  the  community. 
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!ii.  ITU):!  development  ptogtam  is  conn  t  r*  i  lied  to  ensure  (tint  itn  hardware  will  Ur 
ni  .  ropera  l.'  with  I’snil  nij;  and  pUmiotl  systems.  JTIDS  in  being  developed  in  iwo  phases: 

(  l  ^  Ph.iso  I  will  pi  oiltuj* ,  in  the  no.ii  trim,  a  cotnprohonn  i  ve  nvntom  tin 

distributing  information  to  support  l  ho  cinranand,  control,  .nut  execution 
ol  (net  lent  mission*.  It  in  lining  TDMA  t  o  create  imiltiplo  Nuhsciihet 
not::;  o  v  o  i  ;i  1  nucli  nets  c.in  ho  opetated  in  t  ho  same  geogi  iptiie.il  m  o.i 
ihiough  t  ho  u  no  ot  code*  division.  All  olomontn  transmit!  i  ng  on  .i  single 
net  nmnt  he  accurately  time  syiu'liroiiiml.  Phase  t  terminals  include 
TAIWAN  .‘iiul  irl.it  i  vo  navigation. 

.’ )  Phase  II  terminals  will  ho  eompat  ihlo  and  i  nt  ot  opornh  1  o  with  Phase  1 

ai  ch  i  t  ec  t  ut  e  mill  equipment  .  Phase  It  in  .i  not  ot  expanded  e.ip.ih  i  \  { \  i  on 
lo  onhnneo  (lie  rh.mo  I  teehnologv  and  will  provide  i  ne  re. mo. I  i  nf  ormnt  i  on 
traustei  capacity  and  further  cotino  t  i  tint  i  on  ot  c  oiumun  i  e  n  t  i  on  ,  relative 
navigation,  TAGAN  amt  IKK  functions.  An  alternative  nvntom  arch  i  t  oet  me 
ot  d i at  i  i hut od  time  division  multiple  access  (OTPMA'  in  being  evaluated 
I  oi  Phase  II.  DTPMA  provides  greater  flrxihlity  than  I'PMA  in  the' 
processing  ot  various  data  channels  and  can  more  efficiently  adjust  to 
tranamisnion  timing  and  protocol  tequ i remen tn  ot  existing  tactical  data 
links  when  required  to  emulate  existing  standards  such  as  TAD1I.  A 
Transmission*  can  he  at  relatively  sl*>w  rates  and  interleaved  with  t  lie 
transmission  ot  othet  units.  The  distribution  and  i  lit  ei  l  eav  i  tig  ol  pulses 
I  com  a  utimhoi  ot  user  transmissions  will  result  in  a  lower  probability 
ol  direction  t  Hiding  hy  the  enemy  on  any  one  transmitter.  This  is 
illustrated  in  Kigure  1. 
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The  JTIPS  opetational  requirements  wliich 
omw.it  i.-ed  m  the  next  section.  The  JTIDS  IGNl 
ve.ii  s  ot  basic  U'Nl  research  and  development  by 


t  or  in  tin*  basis  ol  these  capabilities  are 
capabilities  have  evolved  I  i  .xu  approxim.it 
the  U.S.  Department  ot  Defense. 
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The  JTIDS  operational  i  equi  rement  s  address  the  l')  areas  shown  in  Kigure  A.  This  section 
riutmnar  t  xes  the  requirements  and  the  corresponding  JTIDS  features  which  address  t  lie  requirements 
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JTIDS  0PKRAT10NA1.  REQUIREMENTS 
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(1)  System  Capacity  -  High  volume  information  capacity  is  required 
to  distribute  a  large  volume  of  information  throughout  an  entire 
tactical  theatre.  This  is  addressed  through  the  employment  of 
digital  transmission  and  formatted  data  in  JTIDS  resulting  in 
increases  in  capacity  of  at  least  1000  to  1  over  conventional 
analog  voice  transmission. 

(2)  A/J  -  LPE  -  LPT  -  Anti-jam,  low  probability  of  exploitation, 
low  probability  of  targeting  is  an  obvious  need  which  is 
addressed  through  the  employment  of  spread-spectrum  modulation 
over  an  extremely  wide  bandwidth  in  JTLDS.  Burst  transmission 
pseudonoise  and  frequency  hopping  techniques  are  all  used. 

(3)  Multiple  Simultaneous  Nets  -  Multiple  simultaneous  nets  are 
required  to  connect  different  tactical  forces  which  have  different 
ICNI  needs.  JTIDS  provides  this  capability  through  a  combination  of 
time  division,  frequency  division  and  code  division  multiplexing. 

(4)  Cost  Effectiveness  -  Cost  effectiveness  is  an  essential  requirement 
of  any  new  system.  The  combination  of  many  functions,  including 
TACAN  and  IFF  in  a  single  system  provides  a  more  cost  effective 
implementation  than  implementing  these  functions  in  several  "black 
boxes 

(5)  JTIDS  I / I I  Interoperability  -  JTIDS  I / I I  interoperability  is  essential 

to  avoid  obsolescence  of  JTIDS  terminals  produced  early  in  the  development 
cycle.  JTIDS  Phase  II  termin.is  under  development  provide  all  of  the 
Phase  I  capabilities  simultaneously  with  the  expanded  Phase  II 
capabilities . 

(6)  Variable  System  Architecture  -  System  architecture  flexibility  is 
essential  to  meeting  the  changing  needs  of  the  tactical  community. 

The  TDMA  and  DTDMA  architectures  in  JTIDS  and  the  JTIDS  ability  to 
accommodate  a  variety  of  message  formats  and  protocols  provide  this 
necessary  flexibility. 

(7)  Security  -  A  secure  data  unit  is  an  integral  part  of  the  JTIDS  design. 

(8)  Modular  Construction  -  Modular  construction  is  required  so  that  JTIDS 
terminals  can  meet  a  wide  variety  of  platform  needs.  Major  modules  of 
JTIDS  terminals  which  can  be  changed  or  removed  depending  on  platform 
requirements  include  high  power  amplifiers,  data  processors,  and  TACAN 
and  IFF  processing  modules. 

(9)  Joint  Operations  -  JTIDS  is  designed  to  be  compatible  with  both  NATO 
and  U.S.  joint  service  message  standards  incuding  TACS/TADS,  NADGE  and 
UKADGE.  Interfaces  are  under  development  for  all  of  these  and  will  be 
discussed  in  subsequent  sections  of  this  report. 

(10)  Access  -  Rapid  access  to  the  system  is  essential  for  real-time  tactical 
data  exchange.  The  chocie  of  TDMA  and  DTDMA  architectures  allow  access 
times  as  short  as  6.5  milliseconds  and  as  long  as  12.8  minutes  depending 
on  platform  needs. 

(11)  Graceful  Degradation  -  Graceful  degradation  of  terminals  and  the  system 
is  essential  to  the  survivability  of  the  system.  Examples  of  design  for 
graceful  degradation  include  the  high  power  amplifier,  which  will  only 
reduce  power  output  in  the  event  of  transistor  failures  and  the  ability 
of  the  system  to  provide  all  of  its  ICNI  functions,  even  if  only  two 
force  elements  remain  in  a  net. 

(12)  Range  Accuracy  -  JTIDS  provides  sufficient  range  accuracy  between 
platforms  to  provide  relative  navigation  accuracies  to  the  level 
necessary  to  support  tactical  weapons  delivery. 

(13)  ICAO/NATO  Compatibility  -  ICAO/NATO  compatibility  are  provided  by 
JTIDS  waveform  and  system  architecture.  The  JTIDS  waveform  has 
undergone  extensive  testing  and  has  been  proved  to  operate  compatibly 
in  the  960  -  1215  MHz  frequency  band  with  existing  TACAN,  DME  and  IFF 
services  in  the  band.  JTIDS  can  provide  interfaces  and  data  exchange 
for  NATO  standard  messages  such  as  Link  1 . 

(14)  Connectivity  -  The  DTDMA  and  TDMA  architectures  provide  connectivity 
levels  between  using  platforms  ranging  from  functional  private  subnets 
involving  a  few  platforms  up  to  total  connectivity  over  a  single  TDMA 
net , 


(IS)  Survivability  -  JT1DS  is  mm  snrvivahle  ms  the  platforms  themselves. 

It  requires  no  control  nodes  or  information  choke  points  for  the  system 
to  operate  and  provide  all  of  its  l ONI  functions. 

(In)  Navigation  and  Identical  ion  -  JTIDS  navigation  and  identification 
capabilities  ami  requirements  were  discussed  previously. 

(17)  Message  Standards  -  JTIDS  must  be  compatible  with  existing  joint 
service  and  NATO  message  standards  for  tactical  data.  Terminals  and 
interfaces  under  development  will  enable  the  transmission  of  current 
messages  such  as  TADIL  A,  H,  0  and  Link  1  over  the  JTIDS  network  giving 
the  data  terminals  which  use  these  messages  the  link  reliability,  anti 
jam  and  LPE/LPT  features  of  JTIDS.  In  addition  a  common  joint  service 

message  standard  known  as  1’A D l L  J  is  under  development.  The  purpose  of 
the  TADIL  J  development  is  to  provide  a  joint  service  message  standard 
that  takes  toll  advantage  of  the  JTIDS  tactical  data  exchange  capabilities 
and  will  provide  interoperability  among  different  message  standards 
through  Adaptable  Surface  Interface  terminal  (ASIT)  currently  under 
development . 

(18)  Reconstructability  -  JTIDS  nets  must  be  reconstructablc  even  under  the 
loss  of  the  most  critical  user  elements.  This  capability  was  discussed 
under  survivability  and  graceful  degradation. 

(19)  Evolutionary  -  The  wide  range  of  capabilities  provided  bv  the  JTIDS 
terminals  allows  operational  implementations  starting  with  the  provision 
of  AJ/ LPE/LPT  and  higher  link  reliability  to  existing  data  links  evolving 
t o  a  fully  connected,  interoperable  ICNl  system. 

3.0  PHASE  1,  ll  COMPATIBILITY 

In  addition  to  the  Operational  Requirements  listed  in  the  previous  section, 
there  are  specific  requirements  governing  the  two  JTIDS  program  phases.  These 
requirements  are  listed  in  Figure  S  and  further  elaboration  on  JTIDS  terminal  and 
system  capabilities  are  given  in  the  system  description,  hardware  development  and 
operational  use  sections  of  the  AGARDograph .  The  last  two  Phase  II  requirements  are 
worth  elaboration  in  a  separate  section  and  they  are  covered  here. 


FIGURE  S 

PHASE  l /PHASE  l l  REQUIREMENTS 


PHASE  l 

(1)  PROVIDE  A  BASIC  DIGITAL  JAM-RESISTANT  TDMA  COMMUNICATION  SYSTEM  AND  A 
RELATIVE  NAVIGATION  CAPABILITY. 

(2)  ESTABLISH  A  SYSTEM  WAVEFORM  FOR  PHASE  l  REQUIREMENTS  WHICH  ADDRESSES 
PHASE  l I . 

n)  EMPLOY  TDMA  ARCHITECTURE  WITH  2S  ro  64  KBPS  SINGLE  NET  DATA  RATE. 

(4)  PROVIDE  FULL  INTEROPERABILITY  WITH  CAC  SYSTEMS:  NADGE ,  NTDS ,  TAGS, 
TSQ-73,  ETC. 

PHASE  I l 

(1)  PROVIDE  GROWTH  IN  DATA  RATE,  MULTIPLE  NETTING,  AND  VERSATILITY  TO 
INCORPORATE  OTHER  FUNCTIONS  (IFF,  GPS,  DABS,  ...). 

(2)  DEVELOP  IN  THREE  PHASES:  CONCEPT  DEFINITION,  CONCEPT  VALIDATION,  FULL 
SCALE  DEVELOPMENT. 

(3)  BACKWARD  COMPATIBLE  WITH  PHASE  I. 

(4)  TDMA  NOT  REQUIRED  IN  ALL  MODES 


Backward  compatibility  with  Phase  1  requires  that  Phase  ll  developments  be  able 
to  provide  all  of  t hi'  Phase  l  TDMA  modes  ot  operation  in  addition  to  any  new  features 
which  provide  the  growth  in  data  rate,  multiple  netting  and  versatility  t o  incorporat*' 
other  ICNl  functions.  The  expanded  capability  is  provided  bv  the  addition  of  othei 
terminal  modes  of  operation  which  can  operate  simultaneously  with  the  TDMA 
capability.  This  capability  avoids  the  problem  of  obsolescence  of  Phase  T  equipment 
when  Phase  ll  is  deployed. 
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4.0  TERMINAL  CLASSES 


Three  classes  of  terminals  are  under  development  in  the  JTIDS  program,  all 
three  of  which  are  applicable  to  both  Phase  I  and  Phase  II  of  the  progtam.  Class  1 
terminals  or  command  terminals  are  intended  for  major  air  and  surface  command 
platforms  such  as  the  E  IA  Airborne  Warning  and  Control  System,  ground  Tactical  Air 
Control  Centers  and  Navv  Tactical  Data  System  Command  Ships.  Class  1  terminals 
incorporate  1  kilowatt  power  amplifiers.  Class  2  terminals  or  tactical  terminals 
are  intended  tor  tactical  aircraft,  ships  and  other  similar  applications  and  In¬ 
corporate  200  watt  power  ampli tiers.  Class  1  terminals  have  yet  further  limited 
capabilities  and  include  several  subclasses  tor  applications  such  as  manpacks, 
small  ground  vehicles  and  boats,  and  missile  and  RPV  guidance.  Developments  In 
each  of  these  classes  are  discucsed  in  more  detail  in  subsequent  sections  o t  this 
AGARDograph. 


S.O  IMPLEMENTATION  CONCEPTS 

JTIDS  is  being  developed  to  provide  an  integrated  communications,  navigation 
and  identification  capability  to  a  wide  variety  of  tactical  platforms.  Each  platform 
eqviipped  with  JTIDS  will  be  able  to  select  the  data  it  requires  to  perform  its 
mission,  and  each  platform  will  be  able  to  provide  the  necessary  data  via  JTIDS  to 
support  enhanced  i nt eroperabi 1 i t y  among  other,  intelligence,  command  and  control  and 
mission  execution  elements.  JTIDS  Class  l,  Phase  l  terminals  are  currently  being 
installed  on  the  E-3A  Airborne  Warning  and  Control  System  Aircraft  to  provide  a  data 
link  for  exchange  of  position  and  track  data  and  potentially  provide  digital  voice, 
relative  navigation  and  vectoring  capabilities  for  control  of  tactical  aircraft. 
Integration  studies  are  underway  and  interfaces  under  development  for  providing  the 
entire  realm  of  JTIDS  Class  2  terminal  capabilities  to  the  F-15,  F-14  and  E2C  aircraft 
and  NTDS  equipped  ships.  ASIT's  are  under  development  to  provide  interoperability 
between  the  E-3A  and  US  Air  Force  ground  command  centers.  In  short,  JTIDS  provides  an 
order  ot  magnitude  increase  in  capabilities  over  current  limited  "black  box"  data 
links,  navigation  systems,  and  identification  systems  and  provides  the  platform 
developer  with  a  choice  of  implementations  and  interfaces  f rotn  which  he  can  select  to 
fulfill  his  mission  requirements.  The  system  features,  terminal  classes  and  functions 
that  the  platform  developer  can  choose  from  are  summarized  in  Figure  6. 


FIGURE  b 

JTIDS  SERVICE  FOR  TACTICAL  OPERATIONS 
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SUMMARY 


JTIDS  provides  precision  range  measurement,  position  data 
interchange  and  data  processing  functions  which  form  the  basis  for 
its  relative  navigation  capability.  The  JTIDS  relative 
navigation  system  establishes  the  tactical  grid,  resolves 
the  grid  lock  problem,  improves  on  board  system  accuracy  and 
shares  conmunity  navigation  resources.  The  current  ADM 
JTIDS  program  is  geared  toward  the  demonstration  of  fundamental 
capabilities  within  the  framework  of  a  more  extensive  set  of 
goals  which  reflect  the  full  potential  of  relative  navigation. 

I.  INTRODUCTION 

Lawrence  Newman,  Naval  Air  Development  Center 


In  essence,  navigation  is  a  process  which  stems  from  an  ability  to  assign  coordinates  in  a 
definable  grid  system  to  platforms  or  other  objects  of  interest.  JTIDS,  the  Joint  Tactical  .  ^nation 
Distribution  System,  has  this  inherent  capability  by  virtue  of  its  precision  range  measui  ennnt , 
position  data  interchange  and  data  processing  features. 

JTIDS  also  disseminates  its  navigation  data  to  the  entire  tactical  community,  thereby  providing 
an  essential  consistency  of  position  location  to  each  of  its  elements.  This  consistency,  stated 
in  (1),  applies  not  only  to  the  positions  of  each  member  but  to  all  data  derived  in  the  community 
from  on-board  sensors  and  fleet  tactical  data  interchange  systems.  This  permits  the  acquisition  of 
precise  fire  control  solutions  based  on  sensor  data  derived  from  multiple  platforms  and  stations, 
i.e.,  data  "fusion". 


Our  discussion  begins  with  an  exploration  of  the  objectives  of  the  JTIDS  navigation  function 
and  a  description  of  the  basic  principles  involved.  This  will  establish  a  frame  of  reference  in 
which  to  hold  the  remaining  segments  which  explore  the  functions  of  the  current  ADM  (Advanced 
Development  Model)  system  and  the  technological  issues  of  JTIDS  architecture  which  mold  the  community's 
basic  operational  potential.  The  paper  closes  with  a  brief  look  at  the  impact  of  this  new  capability 
as  seen  through  its  many  potential  applications. 

Our  basic  purpose,  therefore,  is  threefold:  (1)  To  portray  the  basic  features,  functions  and 
utility  of  this  new  capability;  (2)  To  convey  the  complex  architectural  design  issues  whose  resolution 
plays  a  vital  role  in  defining  the  system's  capacities  and  limitations  and  (3)  To  display  the  current 
system  design  juxtaposed  against  the  full  potential  of  JTIDS  navigation.  This  should  aid  in  the 
perception  of  both  the  program's  achievements  and  the  goals  it  wishes  to  attain. 

1 1 .  OBJECTIVES  OF  RE  I.  AT  1 VE  NAVI  GAT  I  ON 

James  0.  Bivin,  Naval  Air  Development  Center 


It  is  said  that  knowledge  is  power.  Certainly,  in  tactical  operations,  the  commander  with  best 
knowledge  of  the  disposition  of  friendly  and  enemy  forces  has  a  decided  advantage.  For  this  reason, 
the  introduction  of  tactical  data  links  has  effectively  Increased  the  fire  power  of  tactical  vehicles 
through  a  more  effective  utilization  of  available  intelligence  and  reliable  real-time  semi -automated 
command  and  control  procedures. 

These  improved  capabilities  have  also  Introduced  a  special  technical  challenge.  Navigation 
errors  cause  discrepancies  in  reported  position,  resulting  in  the  same  target  being  reported  in  more 
than  one  place  when  held  by  more  than  one  sensor.  This  produces  the  "grid  lock"  or  "track  correlation" 
problem  with  which  engineers  have  struggled  to  cope  for  the  past  decade. 

This  is  precisely  the  problem  that  JTIDS  relative  navigation  was  designed  to  overcome.  The  now 
TDMA  (Time  Division  Multiple  Access)  spread  spectrum  data  links  have  an  inherent  range  measurement 
capability  which  can  be  used  recursively  to  eliminate  position  discrepancies  between  participants  in 
the  relative  navigation  conmunity  and  then  to  reduce  the  actual  sources  of  on  board  navigation 
system  position,  velocity  and  heading  errors. 

JTIDS  relative  navigation  is  designed  to  operate  with  a  minimal  dependency  on  sources  of  accurate 
absolute  geographic  position.  However,  once  the  participants  in  the  relative  navigation  community 
have  accurately  established  their  relative  position  (i.e..  their  displacements  from  one  another), 
they  can  share  their  geographic  navigation  resources  and  thus  improve  the  absolute  position  accuracy 
of  members  equipped  with  less  precise  geographic  position  references.  In  essence,  the  relative 
navigation  grid  can  be  used  to  relay  the  geographic  position  of  the  better  equipped  members. 


The  JTIDS  relative  navigation  technique,  as  professed  in  the  Hippocratic  principle  that  the  \ 
treatment  shall  not  leave  the  patient  worse,  takes  care  not  to  degrade  the  performance  of  any  members 
of  the  community.  Recognizing  that  the  tactical  grid  position  may  only  be  loosely  related  to 
geographic  position,  the  relative  corrections  are  carried  as  offsets  or  corrections  to  be  applied  to 
the  on-board  navigation  data  in  a  feed  forward  mechanization  (i.e.,  corrections  are  applied  to  the 
navigation  system  outputs  as  opposed  to  feeding  back  corrections  to  reduce  system  error  sources). 

The  option  of  applying  these  corrections  to  the  on-board  geographic  navigation  system  in  a  feedback 
mechanization  may  be  exercised  if,  for  example,  an  inertial  system  is  known  to  be  poorly  aligned. 

Not  only  does  JTIDS  relative  navigation  provide  a  large  payoff  at  little  cost,  but  it  also 
compliments  the  new  GPS  (Global  Positioning  System)  precision  geographic  positioning  capability  as 
though  two  interlocking  pieces  of  a  jigsaw  puzzle.  GPS  represents  a  tremendous  advance  in  the 
practice  of  navigation,  using  orbiting  satellites  to  provide  pinpoint  accuracy  anywhere  in  the  world 
using  fairly  simple  receivers.  However,  due  to  the  extreme  distance  between  the  satellite  and  the 
receiver,  only  a  relatively  weak  signal  is  available  and  occasional  loss  of  signal  is  expected. 

In  this  situation  JTIDS  relative  navigation,  with  its  higher  transmitted  power  and  shorter  distance 
to  the  transmitter,  makes  an  excellent  relay.  Furthermore,  it  is  possible  to  give  the  benefit  of 
GPS  to  all  participants  while  only  equipping  selected  high  value  platforms  with  GPS  receivers. 

The  JTIDS  relative  navigation  capability  is  therefore  rather  elegant  in  its  simplicity. 

Inherent  within  the  data  link,  it  makes  use  of  range  measurements  which  are  the  byproduct  of  data 
transmissions  to  solve  the  "grid  lock"  problem.  Since  its  range  measurement  capability  is  implicit, 
the  incremental  cost  of  providing  relative  navigation  is  minimal.  In  establishing  the  tactical 
grid,  resolving  the  grid  lock  problem,  improving  on  board  navigation  system  accuracy,  and  sharing 
community  geographic  positioning  resources,  we  have  defined  the  basic  objectives  of  JTIDS  relative 
navigation. 

Ill.  BASIC  PRINCIPLES 

Lawrence  Newman,  Naval  Air  Development  Center 


By  virtue  of  its  capacity  to 

determine  precise  range  between  members  of  the  community 
transmit  position  data  among  participants 
digitally  process  information 

the  JTIDS  relative  navigation  capability  provides  the  joint  services  with  a  cohesive  basis  for  the 
formation  of  a  community  navigation  net  through  the  synergistic  combination  of  multiple  platform 
navigation  resources  and  allied  data  processing  capabilities. 

The  current  phase  of  the  JTIDS  development  program  for  relative  navigation  is  geared  to  the 
establishment  and  demonstration  of  fundamental  capabilities  within  the  framework  of  a  more  extensive 
set  of  goals  which  reflect  the  full  potential  of  relative  navigation.  This  prudent  approach  is 
consistent  with  the  scope  and  objectives  of  an  ADM  program  in  that  its  aim  is  to  provide  the  necessary 
level  of  confidence  in  basic  concepts  which  will  permit  the  development  program  to  advance  to  the 
EDM  (Engineering  Development  Model;  phase. 

As  such,  the  purpose  of  this  segment  of  the  paper  is  to  provide  a  larger  frame  of  reference  in 
which  to  hold  the  remaining  segments  of  this  paper  which  are  mainly  devoted  to  descriptions  of  the 
current  ADM  system.  This  should  provide  sufficient  clarity  to  understand  where  the  program  is  now 
and  to  see  the  full  potential  of  the  relative  navigation  capability. 

*** 


In  its  largest  sense,  the  JTIDS  community  navigation  net  is  comprised  of  navigation  references 
and  a  navigation  processor.  The  navigation  references  may  consist  of  the  JTIDS  antenna/receiver  (a 
range  measurement  Navaid)  plus  navigation  equipment  extant  on  member  and  cooperating  platforms  - 
e.g.,  dead  reckoning  systems  (inertial,  doppler,  etc.),  geographic  and  relative  position  references 
(GPS,  radar,  etc.),  altimetry  and  other  special  references. 

The  navigation  processor  integrates  all  or  a  subset  of  the  measurements  derived  from  the 
navigation  references  to  provide  the  platform  relative  navigation  capability.  In  addition  to  the 
navigation  measurements,  the  relative  navigation  algorithms  employ  the  following  inputs: 

measures  of  navigation  quality  received  from  participating  JTIDS  platforms  in  the  community 
which  are  used  to  select  and/or  weight  received  navigation  measurements. 

on-board  operator  commands  which  establish  the  role  of  each  member  in  the  community's 
relative  navigation  architecture  as  well  as  providing  prerequisite  system  initialization, 
parameter  insertion  and  other  functions  as  required. 

position  coordinates  of  community  members  (source:  JTIDS  messages)  and  non-community 
members  (source:  on  board  sensors,  community  members'  sensors  and  cooperating  community 
member  sensors)  for  insertion  into  the  grid. 


The  integrated  relative  navigation  system  employs  these  inputs  to  perform  five  basic  functions 
which  may  be  termed 

•  GRID  SYNCHRONIZATION 

•  GRID  ACQUISITION 

•  GRID  UPDATE 

•  GRID  EXTENSION 

•  GRID  INSERTION 

The  paragraphs  below  will  define  these  functions.  (Refer  to  Figure  1.) 

Grid  Synchronization  is  the  establishment  of  a  time-of -arrival  (TOA)  measurement  capability 
from  which  accurate  range  measurements  may  be  derived.  Grid  Synchronization  is  established  by  a 
Synchroni zation  Routine  which  may,  in  general,  util<ze  "active"  (two-way)  techniques  such  as  round 
trip  timing  (RTT)  or  "passive"  techniques  such  as  pseudo-ranging  (use  of  known  position  to  derive 
clock  corrections;  see  discussion  of  Grid  Acquisition)  or  the  use  of  independent  time  references. 

In  a  typical  community  it  is  anticipated  that,  initially,  a  small  group  of  members  will  engage 
in  synchronization  using  active  techniques.  Thereafter,  additional  members  of  the  community  will 
synchronize  using  passive  techniques  to  minimize  transmission  load.  The  availability  of  independent 
time  measures  will,  of  course,  supersede  these  considerations. 

Grid  Acquisition  is  the  establishment  of  the  on-board  navigation  grid  when  the  system  is 
energized  or  upon  entry  into  a  community.  Grid  Update  is  the  maintenance  of  on-board  grid  alignment 
during  mission  operations.  Grid  Acquisition  and  Update  are  accomplished  by  applying  a  subset  of  the 
navigation  system  measurements  provided  as  inputs  and  selected  via  a  Source  Selection  Routine  to 
establish  and  maintain  convergence  of  the  Navigation  Algorithm  so  as  to  provide  Corrections  and 
Calibrations  to  grid  coordinates  and  to  the  navigation  system  measurements. 

The  Source  Selection  Routine  prefilters  the  multiple  measurements  available  to  a  platform  in 
accordance  with  indicators  of  measurement  quality  received  from  these  sources.  If  sources  are 
expected  to  be  less  frequent,  the  Source  Selection  Routine  can  be  simplified  to  selected  weighting 
factors  such  as  that  used  in  Kalman  filter  algorithms. 

The  Navigation  Algorithm  uses  the  selected  measurements  to  estimate  corrections  to  relative  and 
absolute  grid  coordinates,  time  of  arrival  measurements  ("passive"  clock  synchronization)  and,  for 
high  precision  applications,  errors  in  measurements  from  the  selected  sources  (e.g.,  gyro  biases) 
and  estimates  of  various  navigation-related  environmental  parameters  (e.g.,  wind  speed,  ocean  current). 
It  is  anticipated  that  a  Kalman  filter  recursive  algorithm  such  as  that  employed  on  modern  integrated 
navigation  sysetms  will  be  used  for  this  function  in  most  applications. 

The  Corrections  and  Calibrations  Routine  provides  the  iterative  application  of  Navigation 
Filter  estimates  of  platform  grid  coordinates  and  (when  available)  geodetic  coordinate  errors  to  the 
navigation  processor's  stored  values  of  these  quantities.  The  application  of  time-of-arrival 
calibrations,  measurement  source  corrections  and  navigation-related  environmental  parameters  is 
accomplished  as  required  by  other  routines.  The  Corrections  and  Calibrations  Routine  shall  also 
retain  and  update  parameters  relating  platform,  grid  and  geodetic  coordinates. 

Grid  Extension  is  the  establishment  of  grid  coordinate  relationships  between  the  on-board 
navigation  grid  system  and  that  of  members  of  an  independent  conniunity.  Grid  Extension  is  accomplished 
by  an  Intergrid  Maintenance  Routine. 

In  general,  the  Intergrid  Maintenance  Routine  shall  establish  the  coordinate  relationships 
between  both  nodal  and  non-nodal  conmunities.  A  separate  intergrid  parameter  estimation  filter 
establishes  the  relationships  based  on  measurements  between  members  of  each  community.  Upon  conver¬ 
gence,  these  estimates  are  applied  in  a  grid  coordinate  conversion  algorithm  which  homogenizes 
inputs  received  from  outside  communities  so  that  they  become  indistinguishable  from  measurements 
derived  from  similar  references  within  the  conniunity.  The  architectural  design  for  each  community 
(nodal  vs.  nor.-nodal,  primary  community  references  for  grid  definition,  geodetic  position,  time, 
etc.)  is  a  subject  which  is  treated  in  a  subsequent  segment  of  this  paper. 

Grid  Insertion  is  the  assignation  of  grid  coordinates  to  community  members  and  non-community 
members  to  provide  the  following  capabilities: 

•  precision  grid  position  located  for  force  disposition  monitoring 
and  mission  coordination 

•  correlation  of  target  and  weapon  coordinates 

•  precision  aircraft  vectoring 

•  over-the-horizon  targeting 

•  geodetic  position  reporting  based  on  surveyed  geodetic  station  sites  or  on-board  Navaids. 

Grid  Insertion  is  accomplished  using  a  Locator  Routine  which  uses  coordinates  received  from  community, 
extra-community  and  independent  cooperative  platforms. 


Thus  H'<f  ^  is  singular 


Q.E.n. 


The  Locator  Routine  updates  stored  coordinates  using  geographic  and  grid  position  information, 
sensor  detected  range,  bearing,  mark-on-top,  etc.,  course  and  speed  estimates  from  tracking  algorithms 
and  other  sources.  Grid  positions  thus  assigned  are  transmitted  to  other  CN1  routines  as  required. 


*** 

The  on-going  program,  by  comparison,  has  thus  far  concentrated  on  the  development  of  a  prototype 
JTIDS-integrated  relative  navigation  capability  which  employs  JTIDS  range  measurements  to  bound 
inertial  system  error  propagation  using  a  Kalman  filter  algorithm.  Expressed  in  terms  of  the 
preceding  material,  the  ADM  system  provides  the  following: 

Measurements: 

(1 )  JT1DS  range 

(2)  Inertial  system  position,  velocity,  heading 

(3)  Ground  Station  position 


Other  Inputs: 


(1 )  Measures  of  position,  time  and  azimuth  quality 
(conveyed  via  JTIDS  messages) 

(2)  Opera  tor- inserted  commands  to  establish  role  in  the 
community  as  either  a  controller  (of  grid  coordinates, 
geodetic  coordinates,  and/or  time  references)  or  as  a  user 

(3)  Initialization,  parameter  insertion  and  other 
specialized  activation  functions 


Position  Coordinates: 

(1)  Grid  coordinates  of  community  members  (conveyed  via  JTIDS  messages) 

Grid  Synchronization: 

(1)  "Active"  RTT 

( 2 )  "Passive"  pseudo-ranging  using  Kalman  filter 
Grid  Acquisition  and  Update: 

(1)  Source  Selection  Routine  identifies  subset  of  received  range  measurements 
using  algorithms  based  on  a  comparison  of  the  quality  levels  of  received 
data  and  on-board  navigation  information. 

(2)  Kalman  Filter  Navigation  Algorithm  which  uses  range  measurements  and  ground 
station  position  (when  available)  to  estimate  corrections  to  relative  and 
absolute  grid  coordinates,  time-of-arrival  measurements  ("passive"  clock 
synchronization)  and  inertial  system  parameters. 

(3)  Corrections  and  Calibrations  Routine  consisting  of  feed-forward  corrections  to 
the  quantities  cited  in  (2). 


The  Grid  Extension  and  Grid  Insertion  functions  as  well  as  other  subfunctions  identified  in 
this  paper  will  be  addressed  in  the  EDM  phase  of  the  program  wherein  the  assignment  of  receivers  to 
specific  platforms  for  designated  missions  to  achieve  prerequisite  accuracies  will  provide  the  basis 
for  the  designation  of  the  following  constraints  to  the  design  problem: 


operating  environment 


navigation  measurement  sources 

quantity  of  community  and  non-community  elements 

measurements  available  from  or  to  the  above  elements 


necessity  for  grid  extension 
data  processing  resources 

method  of  integration  with  existing  grid  insertion 
capabilities  (NTDS,  ATDS,  MTDS,  etc.) 

These  shall  provide  the  basis  for  the  formulation  of  specific  operational  software  packages  and  the 
establishment  of  the  JTIDS  community  navigation  net  architecture. 

*** 


In  the  sections  which  follow,  we  will  endeavor  to  explore  in  greater  detail  the  Grid  Synchronization 
techniques  (Section  IV),  relative  navigation  architectural  issues  including  community  protocol  (Section 
V)  and  community  structure  (Section  VI),  and  data  processing  functions  (Section  Vtl)  as  they  apply  to 
the  current  system. 


IV.  SYNCHRONIZATION  AND  RANGING 

Robert  Stow,  Singer-kearfott  Corporation 


The  Grid  Synchronization  function  establishes  the 
from  which  accurate  range  measurements  may  be  derived, 
description  of  the  techniques  designed  to  perform  this 


time  of  arrival  (TOA)  measur  ment  capability 
This  segment  of  the  paper  provides  a  detailed 
function  in  the  ADM  JTIDS  terminal. 


The  JTIDS  terminals  require  accurate  time  synchronization  to  permit  receipt  and  transmission  of 
messages  within  assigned  time  slots.  Time  synchronization  is  also  required  to  determine  the  time  of 
arrival  (TOA)  of  received  messages.  TOA  provides  a  measure  of  range  between  coimunity  members,  when 
scaled  by  the  speed  of  light,  for  use  in  relative  navigation.  The  synchronization  techniques 
utilized  are  applicable  to  large  coimunity  sizes  operating  within  a  300  nautical  mile  line-of-sight. 

Both  active  and  passive  synchronization  modes  are  utilized  to  meet  the  requirements  of  user  community 
members  in  both  a  radiating  and  non-radiating  environment.  Passive  synchronization,  in  particular, 
can  be  used  to  conserve  the  number  of  slot  assignments  required  to  support  the  sync  function.  In 
addition,  each  user  is  capable  of  switching  from  active  to  passive  sync  modes  and  adapting  to 
variable  synchronization  update  rates  from  selected  community  members  in  passive  or  active  modes. 

As  shown  in  Figure  2  user  time  synchronization  is  a  two  step  process:  (1)  initial  net  entry  and 
coarse  synchronization  followed  by  (2)  fine  synchronization.  Figure  2  shows  coarse  synchronization 
being  achieved  by  a  synchronizing  member  with  the  receipt  of  a  net  entry  message  transmitted  from  a 
synchornized  member  in  slot  N.  Following  this  coarse  time  slot  sync.  Round  Trip  Timing  (R.T) 
Interrogation  Messages  may  be  sent  by  the  user  and  the  responses  used  to  determine  a  measurement  of 
slot  time  synchronization  error  as  shown  in  slot  N  +  M.  The  measurement  of  time  slot  error  may  be 
computed  by  taking  one  half  the  difference  between  the  RTT  interrogation  TOA  measured  by  the  synchronized 
member  with  respect  to  the  beginning  of  slot  N  +  M,  and  the  RTT  replay  TOA  measured  by  the  unsynchronized 
member  with  respect  to  the  mid  slot  reference  time.  The  RTT  interrogation  TOA  is  transmitted  to  the 
unsynchronized  member  in  the  RTT  reply  message.  By  repeatedly  correcting  the  user's  clock  time 
reference  with  these  time  error  measurements,  fine  synchronization  is  achieved  as  shown  in  slot  N  + 

K  where  now  the  normal  transmitted  message  TOA  measurements  are  directly  proportional  to  range 
between  the  two  community  members.  This  fine  synchronization  procedure  is  used  in  active  synchronization 
modes.  In  passive  modes  the  RTT  messages  are  not  utilized  and  fine  sync  is  achieved  by  utilizing 
normal  transmitted  messages  from  other  synchronized  community  members. 

A  hierarchy  is  established  within  the  JTIDS  community  for  message  synchronization.  One  member 
is  arbitrarily  defined  as  the  Time  Reference,  and  this  member  makes  no  corrections  to  his  clock 
while  operating  within  the  conmunity.  This  member  serves  as  the  time  standard.  This  unit  transmits 
net  entry  messages  in  preassigned  time  slots  and  automatically  transmits  the  highest  time  quality 
level  via  the  position  and  status  messages  (P-message).  Users  entering  the  net  will  obtain  initial 
net  entry,  coarse  synchronization  and  fine  synchronization  from  this  relative  time  reference  and 
will  adjust  their  time  quality  to  be  one  less  than  their  synchronization  source.  As  a  community 
grows,  entering  terminals  can  obtain  synchronization  from  any  user  already  synchronized  within  the 
conmunity  and  within  line-of-sight  of  the  entering  unit.  The  time  quality  hierarchy  established  and 
maintained  within  the  conmunity  automatically  allows  for  users  to  maintain  synchronization  to  the 
best  sources  within  line-of-sight  of  each  respective  unit. 

The  initial  net  entry  process  is  employed  by  entering  terminals  to  automatically  achieve 
synchronization  with  conmunity  time  to  a  degree  sufficient  to  receive  messages.  When  operating  in 
the  JTIDS  anti-jam,  secure  modes,  wherein  the  message  coding  and/or  RF  frequency  pattern  change  as  a 
function  of  slot  time  of  day,  initial  net  entry  is  performed  by  seeking  to  detect  a  transmission 
from  a  unit  within  the  conmunity  that  is  transmitting  in  net  entry  slots.  The  entering  unit  initiates 
reception  enough  in  advance  to  detect  a  specific  transmission  that  will  occur  in  the  future.  This 
look-ahead  time  is  based  upon  the  entrant's  uncertainty  in  initial  estimate  of  system  slot  time. 

All  user  terminals  initialize  their  slot  counters  to  their  best  estimate  of  GMT  (Greenwich  Mean 
Time)  and  indicate  the  maximum  uncertainty  this  estimate  may  have.  The  entering  unit  listens 
exclusively  for  a  specific  net  entry  transmission  for  an  amount  of  time  equal  to  twice  this  time 
uncertainty.  If  at  the  end  of  that  period,  an  error  free  message  has  not  been  detected,  the  process 
is  repeated.  If,  when  attempting  net  entry,  a  message  is  detected  which  is  subsequently  determined  to 
be  in  error,  the  terminal  will  conclude  the  current  attempt  and  repeat  the  process.  Once  a  radio 
input  message  is  correctly  received,  system  time  will  be  known  at  the  receiving  terminal  with  an 
uncertainty  equal  to  the  propagation  time  of  the  signal  between  transmitting  and  receiving  terminals 
plus  the  coimunity  time  sync  error  of  the  transmitter.  When  operating  in  JTIDS  non-secure  modes,  an 
initial  knowledge  of  system  time  is  not  required  for  message  reception,  since  these  modes  utilize  fixed 
modulation  codes. 

Following  initial  reception  of  an  error  free  message,  the  terminal  declares  itself  to  be  in  coarse 
synchronization  and  automatically  starts  the  fine  synchronization  process.  There  are  three  operator 
selectable  fine  synchronization  procedures,  called  Passive  I,  Passive  11,  and  (active)  Round  Trip  Timing 
(RTT)  sync.  The  first  two  procedures  require  no  transmission  by  the  synchronizing  unit.  Only  trans¬ 
mission  from  source  coimunity  members  are  needed.  The  third  procedure  requires  interrogation  trans¬ 
missions  to  be  made  by  the  synchronizing  unit  to  another  addressed  terminal.  The  addressed  terminal 
responds  with  an  RTT  reply  message  which  contains  the  time-of-arrival  of  the  RTT  interrogation  message. 
The  interrogating  terminal  can  compute  from  the  RTT  reply  message  a  correction  to  its  estimate  of  system 
time  as  discussed  above. 


The  RTT  sync  mode  makes  use  of  a  digital  filtering  technique  for  correcting  relative  clock  and 
oscillator  errors  within  the  TDMA  transceiver.  The  technique  employs  a  linear  filter  with  time  varying 
gains  to  estimate  relative  clock  and  oscillator  frequency  errors  from  measurements  of  conmunity  time 
relative  to  the  RTT  interrogated  unit.  This  iterative  clock  estimation  procedure  allows  rapid  time 
synchronization  to  accuracies  which  will  allow  accurate  interpretation  of  received  message  TOA  as  range 
for  relative  navigation.  Also,  normal  JT1DS  message  transmissions  can  now  be  made  by  the  synchronizing 
terminal  and  received  by  other  synchronized  coninunity  members  without  overlapping  slot  boundaries.  The 
determination  of  which  coninunity  members  to  interrogate  when  in  this  synchronization  mode  relies  upon  the 
identification  of  sync  reference  sources,  based  on  received  P-messages  whose  reported  time  qualities  are 
better  than  the  synchronizing  unit's  own  time  quality.  During  periods  where  no  sources  are  available, 
the  linear  filter  algorithm  degrades  its  own  unit  time  quality  estimate  consistent  with  its  clock  drift 
model.  A  maximum  rate  is  placed  upon  the  transmission  of  RTT  interrogations  so  as  to  limit  user 
transmit  slot  utilization  for  this  function. 

The  Passive  l  sync  mode  makes  use  of  received  P-message  data  and  associated  message  TOA  to  compute 
user  clock  error.  This  estimate  of  user  clock  error  is  based  upon  the  received  P-message  position  report 
data,  message  TOA,  and  user  position  supplied  external  to  the  terminal.  As  in  the  case  of  RTT  sync,  the 
system  time  measurements  are  used  to  update  a  linear  filter  model  which  estimates  user  clock  bias  and 
oscillator  frequency  errors  relative  to  those  units  whose  P-messages  are  processed.  The  determination  of 
which  source  P-message  a>  use  for  update  is  based  upon  identifying  those  sources  of  better  time  and 
position  quality  than  the  synchronizing  terminal.  Unlike  the  RTT  sync  mode,  which  is  independent  of  any 
community  knowledge  of  user  positions,  the  Passive  I  sync  mode  requires  use  of  both  the  position  of  the 
source  and  the  position  of  the  synchronizing  unit.  The  accuracy  of  the  clock  bias  error  estimate  is 
therefore  primarily  limited  by  the  relative  position  errors  of  the  users. 

The  Passive  11  fine  sync  mode  utilizes  received  P-message  position  reports  and  message  TOA  data  from 
selected  sources.  This  TOA  data  consists  of  the  ranges  between  the  passive  sync  user  and  each  trans¬ 
mitting  unit,  plus  the  user's  clock  time  bias  with  respect  to  system  conmunity  time.  This  data  is  mixed 
with  vehicle  dead  reckoning  subsystem  data  in  the  terminal  relative  navigation  filter  algorithm  to 
determine  both  user  clock  errors  and  estimates  of  user  position,  velocity,  ano  dead  reckoning  subsystem 
attitude  errors.  The  dead  reckoning  subsystem  provides  an  extrapolation  or  "flywheel"  capability  between 
TOA  measurements  in  the  position  domain  similar  to  the  time  extrapolation  capability  provided  by  the 
oscillator.  Using  this  fine  Sync  mode  accuracies  similar  to  the  RTT  sync  mode  are  achievable  since 
position  errors  are  also  calibrated  simulataneously  with  clock  errors. 

As  discussed  in  (2),  the  ultimate  capability  of  the  relative  navigation  function  is  limited  by  the 
TOA  error  and  the  computational  error  of  the  processor.  Although  GDOP  (geometric  dilution  of  precision) 
is  an  additional  consideration,  the  dynamics  of  platform  motion  will  reduce  GDOP  in  ordinary  situations 
as  a  result  of  the  Passive  11  filtering  process.  The  TOA  error,  in  turn,  is  ultimately  limited  by  the 
short  term  stability  of  the  terminal  clock,  propagation  anomalies  in  the  atmosphere  (actually,  the 
residuals  of  propagation  corrections;  see  (3)  for  a  more  complete  discussion)  and  multipath  effects. 

V .  POSITION  REPORTING  PROTOCOL 

E.  A.  Westbrook,  MITRE  Corporation 


The  architectural  design  of  the  current  JTIDS  relative  navigation  conmunity  is  based  upon  a  system 
of  platform  protocols  wherein  members  of  the  conmunity  are  assigned  specific  roles  which  determine  who 
updates  whom  and  which  platforms  are  to  serve  as  primary  references  for  relative  positon,  geodetic 
position  and  time.  This  segment  of  the  paper  provides  a  brief  discussion  of  protocol  mechanics  as  well 
as  a  definitive  description  of  the  coordinate  frames  in  which  the  system  operates,  the  reporting  rates 
employed  by  the  message  structure,  and  the  manner  in  which  members  of  the  conmunity  acquire  the  grid. 

*+•* 


A.  Protocol 

Each  position  message  contains  four  quality  fields:  time  quality,  geodetic  position  quality, 
relative  position  quality  and  relative  azimuth  quality.  These  are  transmitted  to  support  the  hierarchial 
conmunity  structure  by  serving  as  badges  of  rank.  They  are  derived  from  and  are  translatable  into  time 
and  position  variances  and  represent,  therefore,  the  estimated  uncertainty  of  the  reported  positions  and 
clock  synchronization  accuracy.  They  are  used  by  the  receiving  unit  to  select  the  reports  to  be  process¬ 
ed  for  relative  navigation  filter  updates  and  to  establish  the  observation  variance  in  those  filter 
update  computations. 

The  source  selection  protocol  is  intended  to  serve  two  basic  purposes:  maintenance  of  system 
stability  and  optimization  of  accuracies  within  the  limited  processing  time  available.  This  is  done 
by  establishing  the  general  rule  that  only  sources  of  higher  quality  [lower  variance)  may  be  used  for 
filter  update.  (Certain  classes  of  user  are  allowed  to  use  others  of  equal  quality.)  This  prevents 
reciprocal  or  circular  updating  (feedback).  The  second  objective  is  achie\ed  by  selecting  from  the  set 
of  sources  of  higher  quality  the  best  subset  that  can  be  processed  within  the  time  available.  Typically 
this  is  three  or  four  observations  each  10  to  15  seconds  in  the  present  JTIDS  units. 

At  the  top  of  the  hierarchy  stand  Position  References,  Navigation  Controller  and  Time  Reference. 

The  Time  Reference  is  assigned  a  time  quality  of  15.  The  Navigation  Controller  is  assigned  a  relative 
position  quality  of  15.  Units  having  known  geodetic  position  to  within  50  feet  are  designated 
Position  References  and  assigned  a  geodetic  position  quality  of  15.  Other  units  determine  system  time 
(clock  synchronization)  and  position  by  Kalman  filter  combination  of  inter-element  ranges  with  dead 
reckoner  outputs  and  establish  their  own  quality  levels  from  the  filter  covariance  matrix,  always 
restricting  the  quality  transmitted  in  the  P-messages  to  a  value  not  greater  than  that  of  the  source(s) 
to  preserve  the  hierarchy. 


*  An  exception  being  the  most  advanced  ICNI  multifunction 
other-than-L-band  portions  of  the  spectrum.  This  part  of 
Navy  in  its  formative  stage,  and  is  known  as  the  Tactical 
(TIES),  see  Section  III.  A. 


architectural  development  in  the 
the  program  is  still  peculiarly 
Information  Exchange  System 
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Position  References,  Navigation  Controller  and  certain  other  select  units  called  Primaries  use 
round  trip  timing  for  clock  synchronization.  Other  units  synchronize  passively  using  multiple 
pseudo-range  measurements. 

The  various  classifications  of  units  refer  only  to  operating  modes  and  do  not  denote  differences 
in  user  equipment.  Any  unit  may  act  in  any  capacity. 


B.  Reporting  Rates 


There  is  no  fixed  reporting  rate  in  the  JTIDS.  It  is  individually  set  in  each  unit  as  a  function 
of  both  the  tactical  mission  of  the  unit  and  the  role  of  the  unit  in  the  relative  navigation  community. 
A  typical  position  reporting  rate  is  once  each  twelve  (12)  seconds.  This  number  is  roughly  comparable 
to  typical  radar  position  reports  (scan  time)  and  to  the  time  required  to  process  a  set  of  three 
sources  required  for  an  unambiguous  passive  determination  of  position  and  time  in  the  navigation 
filter. 


★  ★★ 


C.  Coordinate  Frames 

Two  coordinate  frames  are  reported  in  the  P-messages  (see  Figure  3).  The  first,  in  the  main 
body  of  the  message,  is  the  familiar  geodetic  latitude  and  longitude  system.  The  basic  spheroid 
underlying  is  defined  to  have  an  equatorial  radius  of  6,378,135  meters  and  a  polar  flattening  of 
1/298.26  as  in  WGS-72.  This  is  the  same  basic  spheroid  adopted  by  the  GPS  (Global  Positioning 
System).  Latitude  and  longitude  are  reported  in  units  of  1/512  minute  of  arc. 

A  second  local,  planar  relative  coordinate  frame  is  reported  in  the  P-message.  The  plane  is  Jefined 
as  tangent  to  the  earth's  surface  at  its  origin  with  the  u-coordinate  axis  position  east  and  the  v- 
coordinate  axis  positive  north.  V  and  V  are  reported  in  units  of  1/512  data  mile.  (A  data  mile  is 
defined  to  be  6000  feet  exactly,  a  unit  commonly  used  in  radar  systems.)  Grid  north  at  the  origin  may  be 
defined  to  lie  at  an  angle  "beta"  to  the  local  meridian.  Beta  is  reported  in  units  of  0.0125  milliradian. 

The  origin  of  the  relative  grid  is  initially  defined  by  the  Navigation  Controller,  but  is  not 
explicitly  transmitted:  the  combination  of  latitude,  longitude,  altitude,  u-position,  v-position,  and 
beta  angle  in  each  unit's  P-message  serves  as  implicit  origin  definition  to  other  units. 

**★ 

D.  *The  Grid  Acquisition  Process 

Relative  grid  navigation  is  initiated  by  one  member,  designated  the  Navigation  Controller, 
establishing  a  reference  point,  or  grid  origin,  at  some  arbitrary  location.  For  convenience  this 
point  can  be  the  location  of  a  fixed  ground  site,  a  point  on  his  trajectory,  or  any  other  point  he 
designates.  The  controller  then  estimates  his  position  relative  to  the  reference  point  he  has 
defined. 

The  Controller  then  navigates  in  this  coordinate  frame  based  on  the  velocity  information 
provided  by  his  on-board  dead-reckoner  equipment.  The  Controller  also  broadcasts  his  computed  grid 
position  as  well  as  his  geographic  position  via  the  data  link.  A  prospective  User,  also  equipped 
with  the  RF  data  link,  can  receive  the  Controller's  reported  positions  (and/or  the  reported  positions 
of  other  Users  already  operating  in  the  grid)  and  with  the  DME  capability  of  the  data  link  also 
obtain  a  measurement  of  range  to  the  Nav  Controller  (and/or  other  Users). 

For  initialization,  the  User  computes  an  estimate  of  the  grid  origin  from  a  combination  of  the 
reported  geographic  and  grid  positions  received.  Then  using  his  own  estimate  of  geographic  position 
and  the  derived  grid  origin,  the  new  User  estimates  his  own  grid  position.  These  computations  are 
pe-formed  only  once,  at  acquisition.  Following  acquisition,  changes  in  grid  position  are  computed 
by  integrating  velocity  from  his  on-board  dead-reckoner. 

Having  the  reported  grid  position  of  the  Controller  or  other  established  conmunity  member  and 
an  estimate  of  his  own  grid  position,  the  User  can  compute  a  predicted  range  to  that  other  member. 

The  actual  measured  range  compared  to  the  predicted  range  provides  information  as  to  his  position 
error  in  the  grid  with  respect  to  the  observed  member.  By  repetitively  performing  this  operation, 
each  time  making  corrections  to  improve  his  position  estimates,  the  User  achieves  grid  lock  with  the 
community.  That  is,  he  has  now  positioned  himself  in  the  established  grid  and  possesses  the  capability 
to  accurately  navigate  relative  to  the  conmunity  between  times  when  he  receives  range  measurements. 

The  conventional  trilateration  requirement  of  ranges  to  at  least  two  other  members  does  not 
exist  in  this  positioning  algorithm.  Although  ranging  to  multiple  members  is  advantageous,  the  on¬ 
board  dead-reckoner  provides  sufficient  additional  information  to  correlate  a  number  of  range 
measurements  to  the  same  member.  By  virtue  of  the  relative  motion  between  the  members,  the  ranges 
to  a  single  member  appear  in  different  directions  over  a  period  of  time.  The  integral  of  the  dead- 
reckoner  velocity  links  the  range  vectors  together  for  uniquely  positioning  the  aircraft  in  the 
grid. 


Special  section  contributed  by  W.  Steele,  Singer-Kearfott  Corporation 


Having  acquired  the  relative  grid,  continual  range  measurements  are  used  to  maintain  the  grid 
lock  of  the  User.  In  addition,  the  filter  is  designed  to  process  three  other  observation  types, 
lath  of  these  is  related  to  the  use  of  geographic  information  for  improved  geodetic  navigation. 

They  are: 

•  Geodetic  Fixes  -  Used  when  current  latitude  and  longitude  of  the  vehicle  is  available  from 
some  on-board  source.  This  may  be  generated  by  anything  from  a  "Fly-Over"  of  a  known 
geometric  location  to  the  semi -continuous  geodetic  reference  of  a  GPS  receiver.  This 
observation  type  is  potentially  the  most  beneficial  for  enhancement  of  geographic  navigation. 

•  Offset  Geodetic  -  Used  when  the  position  of  any  arbitrary  point  in  the  relative  grid  is 
known  in  geographic  coordinates.  The  accurate  relative  grid  data  is  used  to  translate  the 
reference  point  to  the  self  aircraft.  This  is  a  very  powerful  observation  type  since  it 
allows  the  entire  community  to  make  use  of  geodetic  data  that  was  available  to  one  of  it 
members.  This  data  could  otherwise  not  be  distributed  with  such  precision. 

•  TOA  Geodetic  -  Used  when  the  geographic  position  of  a  TDMA  equipped  non-communi ty  member 
is  accurately  known.  This  process  is  similar  to  the  relative  grid  range  observations 
processing,  but  with  geographic  positions  used  in  place  of  the  relative  grid  positions  for 
predicting  range.  This  provides  a  geographic  update  capability  to  any  TDMA  user  or  to  the 
community,  even  if  the  TDMA  user  is  not  navigating  in  the  relative  grid. 

The  filter  observation  selection  logic  automatically  chooses  among  the  four  possible  observation 
types  based  on  availability,  relative  quality,  geometry,  and  benefit  to  be  derived.  This  observation 
logic  assures  stable,  accurate,  and  non-fragmentary  community  operation  for  the  large  community  as 
well  as  the  limited  one-on-one  case. 

VI.  STRUCTURE  OF  THE  NAVIGATION  COMMUNITY 

Melvyn  S.  Greenberg  and  Dr.  H.  James  Rome,  Dynamics  Research  Corp. 


Section  V  described  the  manner  in  which  the  relative  navigation  community  structure  is  regulated 
via  a  strict  hierarchy  of  assignable  and  interchangeable  roles.  These  cannot  be  specialized  grid 
functions  and  operations  which  have  been  incorporated  in  order  to  sustain  the  accuracy  and  stability 
of  grid  navigation.  The  grid  thereby  provides  a  common  datum  for  the  exchange  and  synchronization 
of  navigation  information.  It  is  the  means  by  which  the  community  participants  may  process  relative 
measurements  and  lock  their  relative  positions,  relative  velocities,  and  relative  headings  without 
the  need  for  precise  geodetic  position. 

This  segment  of  the  paper  expands  upon  the  mechanics  of  protocol  to  present  the  underlying 
architectural  philosophy  of  the  relative  navigation  community.  Topics  include  grid  hierarchy, 
system  elements,  grid  stability,  mixed  communities,  geodetic  updates,  interplatform  error  propagation, 
the  usage  of  relative  and  geographic  grids,  and  alternative  organizational  concepts.  These  are  the 
architectural  issues  which  bridge  the  gap  between  relative  navigation  concepts  and  mission  capabilities. 

«** 


A.  Grid  Hierarchy 

On  top  of  the  grid  hierarchy  is  the  Navigation  Controller  who  is  responsible  for  establishing 
the  location  and  orientation  of  the  grid.  The  Time  Base  Controller  is  another  grid  role  which 
serves  in  an  analogous  fashion  by  providing  information  in  the  time  domain  for  synchronization  of 
each  member's  time  base. 

The  rules  of  grid  membership  have  bepn  developed  in  accordance  with  community  stability, 
accuracy,  and  connectivity  considerations.  User  membership  is  allowed  for  terminals  participating 
as  Primary  or  Secondary  Users.  Primary  Users  are  a  distinct  class  of  users  typified  by  an  RTT 
active  clock  synchronization  technique.  Secondary  Users,  on  the  other  hand,  utilize  passive  synchroni¬ 
zation  techniques.  As  TOA  measurements  are  widely  used  in  positioning  in  the  grid  and  geodetic 
frames,  there  is  a  strong  dependence  which  develops  between  positioning  accuracy  and  time  synchroni¬ 
zation  accuracy.  Consequently,  in  the  hierarchy  of  position  accuracy,  the  Primary  Users  are  permitted 
in  the  Rel  Nav  protocol  to  assume  the  second  highest  status  (after  the  nav  controller)  while  Secondary 
Users  are  relegated  to  the  next  lowest  level. 

Each  user,  regardless  of  designation,  determines  the  accuracy  of  its  time  synchronization  grid 
position,  geodetic  position,  and  relative  azimuth.  The  reported  quality  of  this  information  is  then 
used  by  the  community  as  the  basis  for  discriminating  among  potential  candidate  sources,  for  eventual 
selection  and  processing  by  the  Rel  Nav  filter. 

Another  type  of  component  within  the  grid  is  a  Position  Reference,  whose  role  is  to  provide 
accurate  geodetic  position  to  other  members  of  the  comiuni tv. 

B.  System  Elements 

There  are  three  essential  elements  which  contribute  to  a  relative  navigation  system.  One  has 
already  been  mentioned;  the  grid  frame.  Another  item  is  precision  inter-unit  range  measurements, 
and  the  third  clement  is  a  desd-rerkor.ing  navigation  unit. 


(J)  Emulation  o£  the  TACAN  interrogator  function  in  all  JT1DS 

tactical  aircraft  terminals  to  provide  backward  ^roper.bU  ty 
with  current  TACAN  beacons  and  elimination  of  redundant  TACAN  black 
boxes"  on  JTIDS  equipped  tactical  aircraft. 
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•  The  concept  of  a  grid  frame  frees  the  relative  navigation  problem  from  an  absolute  frame 
of  reference. 

•  Precise  inter-unit  range  measurements  are  the  basis  for  accurate  relative  positioning 
schemes. 

a  A  dead-reckoning  navigation  unit  provides  the  short-term  velocity  and  attitude  stability 
for  navigating  between  infrequent  position  updates. 

Through  the  periodic  filtering  of  range  measurements  and  dead-reckoning  data,  these  two  independent 
navigation  data  sources  are  combined  by  the  Rel  Nav  algorithms  to  produce  accurate  relative  position, 
velocity,  and  heading.  A  significant  consequence  of  Rel  Nav  performance  is  in  the  ability  of  one 
unit  to  point  to  another  unit.  This  is  the  ability  to  precisely  specify  the  orientation  of  a  platform 
measured  vector,  such  as  a  radar  contact,  to  another  remotely  located  Rel  Nav  unit.  This  result  has 
been  shown  to  be  of  fundamental  importance  to  the  accuracy  of  data  exchange,  target  data  hand-off, 
and  general  mission  effectiveness. 


*** 


C.  Grid  Stabil ity 

The  characteristics  of  a  community  grid  are  determined  in  part  by  the  two  types  of  possible 
Navigation  Controllers:  ground  stations  or  mobile  units.  Two  ground  stations  or  only  a  single 
mobile  unit  can  be  used  to  define  a  grid. 

Mobile  Naviation  Controllers  can  define  the  grid  location  in  two  ways:  at  their  local  position 
or  at  some  remotely  determined  offset  point.  A  User  enters  or  acquires  the  grid  in  only  one  way.  A 
User  must  first  extract  the  location  of  the  grid  origin  which  is  implicitly  embedded  in  the  P- 
message  report.  The  User  then  initializes  its  position  in  the  grid  on  the  basis  of  its  imprecisely 
known  latitude  and  longitude  and  the  coordinates  of  the  grid  origin.  Stationary  Navigation  Controllers 
provide  a  highly  stable  set  of  reference  points  which  permit  accurate  and  stable  grid  performance  to 
be  achieved,  although  geodetic  position  uncertainties  may  be  large. 

Mobile  Navigation  Controllers  provide  a  suitable  but  less  stable  grid  frame.  The  mobile 
navigation  controller  reports  grid  position  on  the  basis  of  its  dead-reckoning  navigation  system. 

No  corrections  are  made  to  its  reported  grid  position.  Corrections  to  its  reported  geodetic  position 
are  allowed.  Conditions  of  Nav  Controller  mobility  and  imperfect  dead-reckoning  measurements  produce 
two  distinct  effects  on  community  grid  performance. 

In  any  given  period  of  time  the  distance  covered  by  the  mobile  Navigation  Controller  can  be 
likened  to  a  fictitious  baseline  between  two  equivalent  fixed  Controllers.  Since  this  distance  is 
typically  much  shorter  than  ground  station  separations,  short-term  positioning  accuracy  relative  to 
the  Controller  is  adversely  affected,  and  the  accuracy  is  understandably  very  dependent  on  actual 
Controller  motion. 

A  second  somewhat  more  subtle  mobile  Nav  Controller  effect  is  introduced  by  its  own  dead¬ 
reckoning  errors.  When  the  Nav  Controller  has  low  frequency  or  bias  like  velocity  errors,  the 
reported  position  of  the  Nav  Controller  drifts  away  from  its  actual  position.  Users  attempting  to 
precisely  navigate  relative  to  the  controller  can  only  do  so  when  the  relative  User-to-Controller 
velocity  errors  are  zero.  A  User  dropping  out  of  LOS  or  a  Nav  Controller  going  radio  silent  will 
then  not  corrupt  relative  navigation  accuracy.  Long  term  steady  state  grid  lock,  for  any  user, 
under  these  conditions  necessitates  close-tracking  of  the  characteristics  of  the  Nav  Controller's 
velocity  errors. 

♦Although  not  necessary,  it  is  beneficial  for  fixed  ground  stations  to  be  included  in  the 
relative  grid  community.  (Their  geographic  location  need  not  be  accurately  known.)  When  observed 
by  the  mobile  community  members,  these  fixed  stations  serve  to  stabilize  the  grid  relative  to  the 
earth.  Two  or  more  ground  stations  provide  both  translational  and  rotational  stability.  One  ground 
station  provides  translational  stability,  but  the  comnunity  relies  on  other  mobile  members  for  its 
rotational  stability. 


Since  the  Navigation  Controller  takes  no  grid  observations,  ground  stations  are  most  effective 
when  they  are  assigned  the  Nav  Controller  role.  Then  all  mobile  members  will  process  the  range 
observations  to  them.  Once  two  (or  more)  ground  stations  are  positioned  in  the  relative  grid,  the 
baseline  between  them  provides  both  a  translational  and  rotational  reference  for  the  grid  UV  axes. 

Any  comnunity  member  in  1 ine-of-sight  of  the  stations  can  process  the  TOMA  system  measured  range  in 
the  Kalman  filter  and  easily  estimate  his  position  in  this  fixed  coordinate  frame,  or  grid.  Continued 
processing  of  observations,  comparing  predicted  changes  in  position  with  observed  changes  in  position, 
permits  estimation  of  velocity  in  the  UV  grid. 

During  maneuvers,  when  acceleration  is  present,  the  angle  between  the  inertial  systems  XY 
accelerometer  axes  and  the  grid  UV  axes  can  be  quickly  estimated  by  the  filter  in  a  manner  conceptually 
similar  to  conventional  acceleration  matching.  Ideally  speaking,  (assuming  no  inertial  system 
errors),  this  now  permits  accurate  relative  position  extrapolation  using  only  the  dead-reckoner 
inputs.  Recognizing,  however,  that  there  will  be  inertial  system  errors,  the  continued  observations 
allow  for  the  recovery  of  these  errors  in  much  the  same  way  as  if  there  were  a  Doppler  radar  on 
board.  The  accurate  grid  position  reference  permits  accelerometer  tilt  recoveries  and,  through 
gyrocompassing,  allows  geographic  heading  recovery.  Thus  much  improved  geographic  navigation  is 
also  achieved. 

*  Special  subsection  contributed  by  W.  Steele,  Singer-Kearfott 


'"'""“‘S'’5  are  n  1  1  y  structured  and  conform  to  predefined 

JT1DS  formats  Each  information  bit  has  specific  meaning;  therefore,  a 

PoemLiTa  •!  ,lnfOn"ati0n  can  be  compressed  into  a  single  time  increment. 
Formatted  digital  messages  are  expected 
now  carried  on  UHF  voice  channels. 


to  replace  much  of  the  traffic 
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Unformatted  messages  transmit  data  that  does  not  fit  the  standard 
message  formats,  such  as  digital  voice  and  teletype. 


One  ground  station  provides  translational  stability,  but  allows  the  grid  to  drift  in  rotation 
around  that  station.  The  mobile  primary  Users  serve  as  the  rotational  reference  for  the  coimiunity. 

Consider  a  community  composed  of  one  ground  station,  the  nav  controller,  and  one  mobile  member. 
Nominally  fixed  to  the  earth,  the  grid  will  now  appear  to  rotate  (with  respect  to  the  earth)  at  a 
rate  consistent  with  the  navigation  error  of  the  mobile  member.  If  there  is  adequate  relative 
motion  between  the  mobile  User  and  the  ground  station,  such  as  would  be  the  case  if  the  User  flew  a 
circle  around  the  station,  the  drift  can  be  minimized.  By  flying  around  the  station  it  appears  in  a 
different  direction  each  time  a  new  observation  is  taken.  This  presents  to  the  filter  a  "multiplicity 
of  ground  stations"  allowing  it  to  calibrate  its  navigation  errors  as  before  and  thus  reduce  the 
rotational  drift. 

When  more  than  one  mobile  member  is  present,  the  User  with  the  best  dead-reckoner  and  most 
relative  motion  with  respect  to  the  ground  station  will  ultimately  attain  the  highest  quality  level 
and  serve  as  the  rotational  reference  for  the  other  members.  The  availability  of  geographic  observations 
will  also  affect  the  convergence  of  the  grid  structure. 

The  third  possibility,  that  of  having  no  ground  stations,  allows  the  grid  to  drift  freely  in 
translation  as  well  as  rotation  with  the  mobile  navigation  controller's  error  profile.  It  is, 
therefore,  advantageous  to  assign  as  the  navigation  controller  that  community  member  with  the  most 
accurate  navigation  system.  If  the  navigation  controller  is  equipped  with  a  very  accurate  geographic 
position  reference  sensor  (e.g.  GPS),  the  ,  “suit  is  similar  to  having  fixed  ground  stations  in  the 
community.  The  geographic  observations  allow  the  controller's  filter  to  calibrate  its  navigation 
errors  and  hence  limit  the  grid  drift. 


This  phenomenon  of  a  drifting  grid  does  not  directly  imply  degraded  performance.  Accurate 
relative  navigation  is  still  maintained  among  community  members.  Only  the  knowledge  of  the  grid 
origin  position  relative  to  the  earth  degrades  with  time. 

0.  Mixed  Communities 

For  homogeneous  navigation  comnuni ties ,  such  as  an  all  inertially  equipped  community,  the 
ability  for  a  User  to  remain  accurately  locked  to  a  Controller  is  aided  by  the  similarity  of  error 
signatures  among  grid  elements.  However,  in  Rel  Nav  communities  with  mixed  types  of  dead-reckoning 
units  (for  example,  some  elements  with  Doppler  systems  and  others  with  inertial  systems),  the 
maintenance  of  long-term  accurate  relative  navigation  does  not  occur  automatically.  It  can  only  be 
achieved  by  the  introduction  of  special  mixed  community  software  modifications. 

Recognition  of  the  constraints  imposed  by  optimal  relative  navigation  considerations  in  a  mixed 
community  give  rise  to  some  basic  conditions  which  must  be  satisfied.  Precise  long-tem  navigation 
can  only  be  assured  by  the  representation  in  the  Rel  Nav  filter  of  all  significant  sources  of  relative 
navigation  error. 

In  the  instance  of  an  all  inertial  community  it  turns  out  that  there  are  no  additional  error 
terms  required  to  be  introduced  by  the  optimal  solution.  All  terms  are  already  included  in  the 
nominal  filter  formulations  to  satisfy  the  relative  navigation  problem  for  a  mobile  Navigation 
Controller.  For  communities  of  mixed  navigation  equipment  types,  however,  such  as  Doppler  and 
inertial  combinations,  the  relative  errors  are  not  representable  by  the  error  models  of  only  one  or 
the  other  type  of  navigation.  The  approach  to  the  mixed-community  is  to  prescribe  an  augmented  Rel 
Nav  filter  which  includes  additional  error  models  to  properly  represent  the  composite  relative 
navigation  error. 


E.  Geographic  Updates 

With  this  implementation  the  mixed-community  can  achieve  accurate  relative  position,  velocity 
and  heading,  similar  to  the  homogeneous  community.  However,  the  presence  of  uncalibrated  Nav  Controller 
velocity  errors  (grid  drift)  serves  to  degrade  the  geographic  accuracy  of  specifically  targeted 
points,  regardless  of  whether  the  relative  navigation  problem  has  been  optimized.  To  address  this 
problem,  updates  are  permitted  and  processed  in  both  the  relative  grid  and  the  geodetic  frames. 
Geographic  updates  serve  to  improve  position  and  minimize  the  grid  drift  phenomenon. 

Geographic  updates  directly  improve  the  grid  element  processing  them.  Through  this  grid  element, 
they  are  then  disseminated  to  the  rest  of  the  community.  Other  community  members  may  utilize  these 
geodetic  sources  by  two  possible  means.  One  procedure  is  to  process  a  TOA  which  corrects  geo  position; 
the  other  method  is  via  an  offset  geodetic  update.  The  offset  geodetic  update  allows  mixing  grid 
position  data  and  geo  position  data  to  derive  a  geo  position  estimate. 

One  of  the  prospective  users  of  this  reported  geo  information  could  be  the  Navigaion  Controller, 
itself.  When  the  Nav  Controller  processes  geodetic  data  it  serves  to  directly  calibrate  the  rate  of 
grid  drift.  Successive  iterations  to  other  geo  sources  serves  to  further  refine  drift  calibration 
accuracy.  Grid  and  geodetic  updates  to  position  are  separated  to  the  extent  that  corrections  made 
to  the  position  coordinates  in  one  frame  do  not  couple  directly  to  the  other  frame.  What  this 
separation  provides  is  the  ability  to  sustain  a  tactical  exercise  with  smoothly  varying  grid  coordinates 
unaffected  by  possibly  large  perturbations  which  could  be  induced  when  processing  geographic  updates. 
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f.  Interplatform  Error  Propagation 

An  essential  consideration  in  providing  accurate  relative  navigation  (in  the  absence  of  ground- 
fixed  references)  is  the  inheritance,  or  correlation,  of  errors  between  the  community  members  and 
the  Navigation  Controller,  lhe  ranging  capability  of  the  system  provides  good  instantaneous  relative 
position  information;  but  to  achieve  accurate  long  term  relative  navigation  during  periods  of  poor 
community  geometry  and  ranging  signal  dropout,  the  system's  Kalman  filter  should  have  an  estimate  of 
relative  velocity  errors  and  relative  sensor-cluster  attitude  errors.  In  this  manner,  grid  position 
will  be  time  propagated  with  the  same  Schuler  error  characteristics  in  each  system. 

Consider  the  two  aircraft  cases  where  both  vehicles  are  equipped  with  inertial  dead-reckoners. 

In  predicting  the  range  measurement,  the  filter  utilizes  the  estimated  own  platform  grid  position 
and  the  reported  grid  position  from  the  observed  aircraft.  The  range  residual  will  be  a  function  of 
the  TOMA  system  error,  the  own  platform  position  estimate,  and  the  observed  aircraft  position 
estimate.  The  net  range  difference  (predicted-observed),  regardless  of  which  system  position 
estimate  is  "right"  or  "wrong",  is  used  to  drive  the  Kalman  filter. 

Since  both  systems  present  the  same  error  model  and  same  error  time  signatures,  the  filter 
cannot  distinguish  between  errors  due  to  the  Navigation  Controller's  inertial  system  and  the  on¬ 
board  inertial  system.  This  means  that  the  filter  recovers  the  error  differences,  and  hence  the 
relative  position,  velocity,  and  INS  errors  with  respect  to  the  Navigation  Controller.  (By  established 
protocol  the  Nav  Controller  will  not  use  grid  observations  to  other  members.)  Thus  the  User  inherits 
the  errors  of  the  Controller  in  order  to  be  able  to  maintain  accurate  relative  navigation.  Unlike 
the  Schuler  oscillation  errors,  dynamic  effects  such  as  the  trajectory-dependent  pointing  error 
causes  degraded  perf o nuance  in  the  inheritance  process.  With  good  quality  inertial  systems,  however, 
this  is  not  a  major  problem. 

When  additional  information  is  available  to  the  User,  such  as  geographically  derived  observations 
external  to  the  grid,  separation  of  User  errors  from  Controller  errors  becomes  possible.  If  not 
properly  implemented,  this  will  cause  decorrelation  of  errors  and  hence  degraded  relative  navigation. 

To  obtain  the  benefits  of  the  geographic  update  and  still  maintain  provisions  for  accurate  relative 
navigation,  the  filter  state  vector  must  be  augmented  with  Controller  error  states.  Error  sources 
which  are  strongly  time  correlated  (e.g.  Schuler  osci1 lations) ,  rather  than  traj  ctory  correlated 
(pointing  error),  can  be  effectively  accounted  for  in  this  way. 

When  the  two  aircraft  are  equipped  with  different  types  of  dead-reckoners  with  different  error 
signature.,  the  Controller  and  User  errors  can  be  separated  without  externally  derived  geographic 
data.  Again,  the  dominant  error  sources  of  the  Controller's  system  must  be  modelled  in  the  User's 
Kalman  filter  for  accurate  long-term  relative  navigation  to  be  possible. 

Having  introduced  the  concept  of  the  User  being  able  to  separate,  and  thus  recover,  the  controller 
ivigation  errors,  it  would  seem  advantageous  to  develop  a  mechanism  whereby  the  Controller  could  be 
informed  of  this  information  (without  disturbing  the  error  correlations  essential  to  accurate 
relative  navigation).  The  dual  grid  navigation  approach  provides  such  a  mechanism. 

•Usage  of  Relative  and  Geographic  Grids 

Of  utmost  importance  is  the  seemingly  complex  decision  as  to  which  grid  to  use  for  any  given 
problem.  Without  geographic  observations,  the  relative  grid  origin  may  not  be  accurately  known  in 
terms  of  geodetic  position.  Consequently,  the  use  of  grid  position  to  locate  a  point  known  accurately 
in  geographic  coordinates  may  not  result  in  best  performance.  A  point  defined  by  a  source  outside 
the  community,  such  as  one  given  by  map  coordinates,  may  best  be  located  using  the  system's  geodetic 
position  estimates.  A  position  identified  by  another  community  member  using  his  on-board  sensors 
and  grid  navigation  would  obviously  best  be  located  using  grid  position. 

The  concept  of  having  to  select  from  two  different  sources  of  position  is  not  new  to  the  weapon 
delivery  sof Lwaro  designer.  Most  tactical  aircraft  are  equipped  with  both  a  radar  altimeter  and  a 
baro-al timeter,  one  p’oviding  relative  (ground  referenced)  altitude,  the  other  providing  a  measurement 
of  absolute  (sea  level  referenced)  altitude.  The  use  of  two  altimeters  with  the  associated  question 
of  which  to  use  at  any  given  time  is  well  understood  and  the  application-related  solution  taken  for 
granted.  Use  of  the  dual  grid  data  is  no  more  complex  than  this.  In  a  direct  air-to-ground  attack 
of  a  1  get  acquired  by  the  aircraft's  own  radar,  the  software  establishes  its  own  local  relative 
e  of  ‘nr  ,  i,i  Mtion  to  determine  when  to  release  the  weapon.  Since  it  is  a  relative  problem,  use  of 
e  a  'ii,  position  directly  is  meaningless.  In  addition,  any  updates  to  the  geodetic  system 
furinq  t h.i *  time  would  be  ignored  insofar  as  the  position  computation  is  concerned. 

' I  period  of  time  (approx.  5  to  10  seconds)  from  target  designation  to  weapon  release, 
of  '  id- reckoner  velocity,  with  its  inherent  short  term  stability,  represents  the  best 
-  ; • ion  change. 

••  ami  art  example  is  analogous  to  the  commmity  problem  where  the  target  is  acquired 
nc  m.vtvr's  aircraft,  and  this  target  must  subsequently  be  attacked  by  another 
■  lative  grid  coordinates,  the  first  aircraft  can  accurately  transmit 
to  the  si  ind  aircraft,  just  as  though  the  radar  had  hoen  mounted  on  that 
' i raft  can  then  attack  the  target  continuing  to  navigate  using  the 
iti'dr t i.  navigation  position  observations  processed  during  this  time 
>  .  j.iiion  solution.  This  is  facilitated  by  the  dual  grid  capability 

.  <.  .  ,ti  m  is  essentially  independent  between  the  two  coordinate 

.  si  si-. tern  will  correct  the  geographic  position,  hut  i  ll 

,  .  data  in  the  relative  grid  frame. 
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A  second  example,  again  beginning  with  the  conventional  single  aircraft  case,  can  be  utilized 
to  demonstrate  when  position  data  from  the  geographic  frame  would  yield  better  results.  A  target  is 
designated  by  a  forward  observer  using  geographic  map  coordinates.  An  attack  on  such  a  geographical ly 
designated  target  should  be  made  based  on  the  aircraft's  best  available  geographic  position.  All 
geographic  position  updates  available  prior  to  the  attack  would  be  utilized  to  improve  his  estimate 
of  geographic  position  and  compute  a  more  accurate  weapon  release  point. 

Similarly,  if  this  forward  observer  information  is  received  by  a  community  member  eguipped  with 
the  dual  grid  navigation  capability  of  the  JTIDS  terminal,  that  member  aircraft  would  also  use  his 
best  estimate  of  geographic  position.  By  utilizing  data  from  the  geographic  grid,  he  automatically 
receives  the  community’s  best  estimate  of  geographic  position,  which  has  been  derived  using  essentially 
all  geographic  update  information  available  to  each  of  the  community  members. 

*** 


H.  A1  ternative  Organi zational  Concepts 

The  JTIDS  software  incorporates  the  concept  of  a  Nav  Controller  and  a  grid  in  which  other 
members  are  responsible  for  computing  their  own  navigation  states.  As  such,  the  current  JTIDS  can 
be  classified  as  a  "Republican"  type  of  organi zation.*  It  is  possible  to  formulate  many  alternative 
Republican  mechanizations  by  modifying  the  definition  of  hierarchy  through  protocol  and  source 
selection  routine  changes.  For  example,  source  selection  could  be  made  more  dependent  on  geometry. 

The  rate  at  which  other  members  TOA's  are  used  could  be  made  proportional  to  reported  guality  numbers, 
rather  than  choosing  the  best  over  a  short  cycle  of  time.  Thus,  some  less  accurate  members  would  be 
given  an  occasional  vote,  distributing  the  navigation  responsibility.  Pointing  as  well  as  position 
quality  could  be  used  for  defining  hierarchy  since  pointing  is  the  most  difficult  yet  important 
error  to  minimize. 

The  concepts  currently  incorporated  in  the  JTIDS  software  have  been  studied  and  been  found  to 
be  suitable.  Although  there  is  continued  study  of  alternative  Republican  mechanizations,  changes 
would  be  made  only  when  there  is  unambiguous  justification  that  another  mechanization  can  provide 
greater  accuracy  with  little  or  no  addition  in  computational  burden. 

Other  organi zational  alternatives  have  been  evaluated  with  respect  to  the  Republican  concept 
and  found  (for  reasons  stated  below)  generally  inferior.  However,  some  features  of  these  alternatives 
have  been  incorporated  into  JTIDS  software. 

One  organization  is  called  "Oracular".  Here  all  members  of  the  community  use  an  oracle  (such 
as  GPS,  LORAN,  OMFGA)  to  establish  the  positions  which  they  report.  The  advantage  of  this  concept 
is  that  there  is  a  stable  grid  origin  and  direction.  However,  there  are  three  major  drawbacks:  (1) 

No  oracle  now  exists  worldwide  with  enough  precision  to  make  it  competitive  with  relative  ranging 
concepts;  (2)  the  oracle  would  be  external  to  the  community  and  thus  vulnerable  to  attack  and  to 
control  by  forces  other  than  the  community;  (3)  even  when  such  an  oracle  is  universally  available 
(e.g.,  GPS)  it  could  be  cost  effective  to  still  have  lower  capability  members  or  expendable  community 
members  who  navigate  with  relative  ranging  concepts  (inherent  in  JTIDS).  Note  that  JTIDS  software 
has  the  potential  to  incorporate  oracle  information  through  its  geo  update  features.  Thus  as  GPS 
becomes  operational,  its  navigation  capability  can  be  integrated  into  the  community. 

Another  organizational  concept  is  called  "Authoritarian".  Here  one  member  of  the  community , 
the  master,  is  responsible  for  computing  the  navigation  states  of  all  members  of  the  community 
either  through  its  own  measurements  and  reported  dead  reckoning  information  and/or  through  reported 
measurements.  With  all  the  community  navigation  information  in  one  location  there  is  the  potential 
for  nearly  optimal  navigation  algorithms:  the  commander  would  have  the  complete  navigation  situation 
under  his  control.  However,  there  are  several  drawbacks:  (1)  the  computational  burden  on  the 
master  would  be  enormous  in  a  large  community;  (2)  allocation  of  communication  space  for  navigation 
would  have  to  be  increased  dramatically  in  order  to  receive  reported  navigation  measurement  information 
and  for  the  master  to  transmit  the  navigation  states  of  those  community  members  who  require  it;  (3) 
loss  of  master  would  mean  total  collapse  of  the  grid.  A  corollary  to  this  is  that  only  specialized 
platforms  would  have  the  capability  of  being  master.  The  Authoritarian  concept,  however,  may  be 
used  as  a  grid  substructure  when  guiding  RPV's  and  other  low  capability  platforms  to  target. 

A  third  organizational  alternative,  one  which  is  quite  appealing,  is  the  "Democratic"  organization 
This  is  similar  to  Republican  concepts  except  there  is  no  controller,  or  the  function  of  the  controller 
is  assigned  by  the  community  at  large  according  to  real  time  information.  Such  members  select  and 
weigh  others'  measurements  according  to  some  predefined  protocol.  Here  the  loss  of  a  given  member 
would  have  little  impact  on  the  navigation  capability  of  the  remaining  members.  In  addition,  this 
organization  has  the  potential  of  (via  averaging)  reducing  grid  drift  as  the  community  size  increases. 
Unfortunately  simulation  studies  (4)  of  various  mechanizations  of  the  Democratic  grid  have  failed 
to  demonstrate  this  potential.  Typically  a  mechanization  would  have  improved  grid  drift  characteristic 
but  poor  relative  navigation  qualities.  Those  mechanizations  which  had  relative  navigation  qualities 
approaching  (but  not  reaching)  that  of  the  Republican  concepts  suffered  from  the  same  grid  drifts 
tound  in  the  Republican  organization  concepts.  Note  however  that  JTIDS  source  selection  routines 
are  such  that  the  community  effectively  reverts  to  a  Denocratic  organization  when  a  master  is  lost 
and  not  yet.  replaced.  Accuracy  does  degrade,  but  some  semblance  of  relative  navigation  is  maintained. 


Republican  organization  -  master  selected  from  peer  group. 
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VII.  HYBRID  NAVIGATION  DATA  PROCESSING 

W.  J.  Steele,  Si nger-Kearfott  Corporation 


The  navigation  software  package  developed  for  JTIDS  serves  to  integrate  the  comnunity  and  the 
on-board  navigation  resources  to  provide  the  Grid  Acquisition  and  Grid  Update  capabilities.  This 
section  of  the  paper  is  devoted  to  a  functional  description  of  the  basic  software  modules  with 
special  emphasis  on  the  Kalman  filter. 


A.  Functional  Summary 

In  conjunction  with  its  interfaces  with  various  terminal  processor  I/O  ports,  the  following 
specific  tasks  are  performed  by  the  navigation  software: 

Continuous  time  base  synchronization  control  in  both  active  and  passive  synchronization 
modes. 

AN/ASN-91  navigation  port  interface  processing. 

Relative  navigation  grid  acquisition  and  update. 

Inertial  integrated  Kalman  filter  (hybrid)  navigation  in  both  active  (RTT)  and  passive 
synchronization  modes. 

Mode  control 


The  JTIDS  computer  provides  control  for  each  relative  navigation  mode  of  operation.  The  hybrid 
navigation  processing  provides  navigation  data  in  both  relative  grid  and  geographic  coordinates  and 
accepts  data  from  the  dead  reckoning  system  navigation  port.  The  relative  navigation  function  is 
dependent  upon  various  message  processing  and  time-of-arrival  (TOA)  measureme  '■.s  and  message  data 
containing  the  relative  grid  and  geographic  position  of  other  community  members. 

B.  Program  Interface  with  the  AN/ASN-91  Computer 

The  terminal  processor  interfaces  with  the  AN/ASN-91  Weapon  Delivery  Computer  for  the  following 
purposes: 

1.  To  provide  the  relative  navigation  program  with  periodic  dead  reckoning  inertial  navigation 
variables  and  time  mark. 

2.  To  provide  the  AN/ASN-91  weapon  delivery  computer  with  relative  navigation  grid  position 
and  estimates  of  inertial  navigation  system  errors. 

The  timing  of  the  data  exchange  is  controlled  by  the  AN/ASN-91  computer,  and  this  timing  is 
asynchronous  to  JTIDS  timing.  To  achieve  synchronous  operation  of  the  two  computers,  the  AN/ASN-91 
computer  provides  a  time  mark  interrupt  indicating  the  time  at  which  a  batch  of  data  provided  is 
valid.  One  of  the  words  provided  by  the  AN/ASN-91  contains  the  AN/ASN-91  time  word  corresponding  to 
the  time  of  the  interrupt.  Thus  a  set  of  AN/ASN-91  interrupts  and  time  words  is  sufficient  to 
define  the  AN/ASN-91  computer's  time  base.  In  addition,  one  of  the  words  in  the  data  batch  transferred 
to  the  AN/ASN-91  time  tags  the  JTIDS  data  to  the  AN/ASN-91  with  respect  to  the  AN/ASN-91  computer's 
time  base. 

C.  RTT  Synchronization  Filter 

The  RTT  Synchronization  Processing  function  is  used  to  mechanize  the  fine  oscillator  synchronization 
in  the  RTT  Synchronization  mode,  following  confirmation  of  coarse  synchronization.  Synchronization 
of  the  oscillator  is  achieved  by  estimation  of  the  oscillator  phase  error  (a)  and  frequency  error  (0) 
relative  to  the  reference  time  base.  The  estimator  is  mechanized  as  a  two  state  Kalman  filter, 
modeling  the  previous  states,  and  using  direct  observation  of  oscillator  phase  error  supplied  by  the 
RTT  Reply  Processing  routines.  The  phase  and  frequency  errors  thus  determined  by  the  filter  are 
used  by  the  Time  Base  Control  Processing  to  generate  correction  commands  to  the  oscillator.  Corrections 
to  the  phase  and  frequency  computed  by  the  Time  Base  Control  and  accompanied  by  corresponding 
decrements  of  the  Kalman  filter  state  estimates. 

D.  Relative  Navigation  Source  Selection  and  Message  Processing 

The  Relative  Navigation  Source  Selection  and  Message  Processing  function  screens  all  validly 
received  P-messages  for  possible  sources  for  use  as  either  geographic  updates  or  relative  grid  TOA 
updates.  The  screening  criteria  is  based  upon  own-unit  position,  time,  and  azimuth  quality  data  and 
own-unit  user  designations.  User  designations  include  Navigation  Controller,  Primary  User,  Secondary 
User,  and  Position  Reference.  Sources  are  screened  for  time  and  position  qualities  superior  to 
corresponding  own-unit  quality  levels.  This  comnunity  source  selection  procedure  time  tags  selected 
source  TOA  data  and  message  data  against  a  dead  reckoner  counter  and  saves  corresponding  own  unit 
navigation  data  for  use  by  the  Kalman  Filter  Processing  function. 
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E.  Relative  Navigation  Port  Interface 

The  Navigation  Port  Interface  Processing  function  provides  the  computations  necessary  to 
interface  input  and  output  data  between  the  Kalman  filter  processing  and  the  dead  reckoning  navigation 
port.  This  interface  is  compatible  with  an  inertial  dead  reckoning  subsystem.  The  proper  buffering 
control  and  timing  is  supplied  to  allow  operation  with  a  dead  reckoning  subsystem  supplying  data 
referenced  to  a  time  base  which  is  independent  and  asynchronous  to  the  slot  interrupt  times.  This 
processing  is  capable  of  operating  with  dead  reckoning  input  data  periods  of  250  ms. 

F.  Kalman  Filter 

The  Kalman  Filter  Processing  routines  uses  selected  P-message  observation  data  with  dead 
reckoning  port  input  data  in  a  filter  algorithm  which  estimates  relative  and  geodetic  navigation 
position,  velocity,  and  inertial  platform  attitude  errors.  This  filter  algorithm  shall  bo  capable 
of  operating  in  RTT  synchronization  or  passive  synchronization  modes.  Relative  navigation  grid 
definition  and  acquisition  computations  shall  also  be  performed. 

The  Kalman  filter  is  the  heart  of  the  relative  navigation  data  processing  function.  A  fifteen 
state  filter  is  employed  in  the  current  system  wherein  the  ranges  to  other  members,  as  derived  from 
the  time  synchronized  ranging  capability  of  the  Time  Division  Multiple  Access  (TDMA)  communication 
system,  are  used  as  the  observables  to  the  filter  while  velocity  information  from  the  dead  reckoner 
allows  the  state  vector  to  be  time  propaged  between  observations.  Currently  configured  for  use  with 
an  inertial  dead  reckoner,  the  filter  state  vector  includes  elements  for  North  and  East  velocity, 
altitude,  latitude  and  longitude,  three  1MU  attitude  errors,  two  components  of  grid  position,  grid 
azimuth  angle  with  respect  to  North,  and  the  TDMA  system  clock  bias  and  frequency  errors.  The 
filter  could  be  easily  modified  to  accomodate  other  types  of  dead  reckoning  or  navigation  equipment. 
This  has  been  done  for  a  Doppler/Attitude  and  Heading  Reference  System  ( D/AHRS )  in  a  separate 
demonstration  for  the  Navy. 

During  intervals  between  observations,  the  velocity  data  from  the  dead  reckoner  are  utilized  in 
the  differential  equations  for  the  states  to  propagate  them  forward  in  time.  When  it  becomes  time 
to  process  an  observation,  the  software  Source  Selection  Routine  searches  a  buffer  of  valid  range 
measurements  to  find  the  ones  which  provide  the  most  beneficial  geometry  and  highest  quality  position 
data.  The  extrapolated  grid  position  is  time  correlated  to  the  TDMA  slot  of  the  observed  member. 

Dsing  the  reported  grid  position  from  that  member  and  the  estimated  grid  position  for  the  user 
aircraft,  a  predicted  range  is  determined.  The  difference  between  the  predicted  range  and  measured 
range  provides  information  concerning  errors  in  the  state  vector  elements.  The  Kalman  gain  correctly 
partitions  this  range  a  residual  among  the  Kalman  states.  Nominally,  three  range  observations  are 
processed  every  16  seconds. 

Having  entered  the  grid  community,  each  member  also  transmits  his  estimated  position  and 
quality  for  others  to  observe.  The  qualities  represent  the  system's  statistical  estimates  of  its 
own  navigation  errors  and  are  assigned  based  predominantly  on  the  filter's  covariance  matrix.  They 
are  used  by  other  members  in  their  observations  selection  logic  in  an  effort  to  utilize  the  most 
accurate  data.  A  separate  quality  is  transmitted  for  geographic  navigation  accuracy  and  relative 
grid  navigation  accuracy. 

References  (2)  and  (5)  provide  an  analytic  description  of  the  basic  algorithms.  Reference  (6) 
provides  a  comparable  discussion  of  a  JTIDS/DAHRS  system  as  developed  under  the  ITNS  (Integrated 
Tactical  Navigation  System)  program. 

G.  Other  Relative  Navigation  Software  Modules 

The  Relative  Navigation  Input  Data  Display  Processing  function  provides  the  man-machine  interface 
for  relative  navigation  input  data  and  status  variables.  This  module  formats  data  for  presentation 
on  the  control/display  unit  and  accepts  operator  inputs.  This  module  interfaces  with  the  Kalman 
F i 1  ter  module. 

The  Relative  Navigation  Output  Display  Processing  function  provides  a  set  of  navigation  parameters 
for  display  on  the  control/display  unit. 

The  Message  Handler  Filters  for  Relative  Navigation  Source  Selection  and  Message  Processing 
provide  preliminary  screening  and  set  up  of  received  position  reports.  These  modules  are  part  of 
the  received  message  handlers  and  interface  with  P-message  storage  buffers. 

The  Relative  Navigation  Net  Entry  Control  Channel  function  is  used  to  support  the  transmission 
of  the  Net  Entry  Control  Terminal's  Net  Entry  Signals,  Position  Reports,  and  RTT  Replies. 

The  Message  Handler  Filters  for  RTT  Synchronization  Filter  Processing  function  provide  preliminary 
screening  and  set  up  of  received  position  reports  in  order  to  identify  potential  candidates  for  RTT 
interrogations.  These  modules  interface  with  the  P-message  storage  buffers. 

The  RTT  Interrogation  Generation  function  formulates  RTT  interrogation  messages  when  sources 
having  greater  time  quality  than  own-time  quality  are  found  by  the  P-Messagc  Handler  Filters  for  the 
R1T  Synchronization  Filter.  The  RT1  interrogation  messages  are  therefore  formulated  for  transmission 
at  variable  rate  and  only  when  required.  The  System  Reference  Number  of  the  selected  source  is 
formatted  within  the  RTT  interrogation  messages. 


The  RTT  Reply  Processing  modules  are  used  to  collect  and  process  data  from  RTT  replies  stored 
in  the  received  message  buffers.  This  data  shall  be  provided  to  the  RTT  Synchronization  Filter. 

The  Time  Base  Control  function  is  used  to  accept  either  RTT  Synchronization  Filter  or  Kalman 
Filter  oscillator  phase  and  freguency  corrections  and  forward  these  requests  to  the  time  base  in  the 
Signal  Processor. 

VI 11 .SUMMARY 

Lawrence  Newman,  Naval  Air  Development  Center 


JTIDS  provides  the  power  of  instantaneous  communications,  digital  data  processing  and  relative 
navigation  to  maximize  the  integration  and  coordination  of  available  resources  -  land,  sea  and  air. 
Our  discussion  centered  on  the  relative  navigation  function  wherein  we  have  endeavored  to  explore 
the  objectives  and  generic  features  of  relative  navigation,  we  have  looked  at  the  ADM  product,  and 
we  have  examined  some  of  the  many  potential  applications.  The  task  which  lies  before  us  now,  as  the 
program  advances  from  ADM  to  EDM  to  a  full  fleet  capability,  must  be  to  bridge  the  gap  between 
concept  and  capability  and  bring  to  fruition  the  full  measure  of  the  system's  potential. 
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FIGURE  1  -  JTIDS  Community  Navigation  Net  Functions 
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SUMMARY 

The  relative  navigation  process  used  in  JTIDS  was  developed  and  tested 
under  the  Navy  sponsored  ITNS  program.  Over  a  four  year  period,  from 
1972-1975,  a  number  of  flight  tests  and  air/sea  demonstrations  were 
conducted  to  explore  the  capabilities  of  this  new  navigation  concept. 

Although  many  variations  have  been  addressed,  the  basic  principles  remain 
unchanged,  and  the  operating  experience  gained  with  ITNS  is  applicable 
to  JTIDS.  This  paper  describes  the  five  demonstrations  that  were 
performed  over  the  period  and  their  associated  results. 

V.  A. 2  INTEGRATED  TACTICAL  NAVIGATION  SYSTEMS  (ITNS) 

A.  BACKGROUND 

ITNS  combined  range  measurements  between  vehicles  with  self-contained  dead  reckoning  in  each 
vehicle  to  achieve  accurate  tactical  navigation  in  spite  of  geographic  navigation  error.  A  navigation 
grid  was  established  arbitrarily  and  grid  position  estimates  from  the  dead  reckoning  were  reported 
via  data  link.  Range  between  vehicles  was  measured  and  compared  with  the  expected  range  as  calculated 
from  the  reported  position,  thus  determining  the  error  in  position  estimate.  Corrections  were 
applied  to  the  dead  reckoning  and  after  several  minutes  of  operation  the  dead  reckoning  would  be 
aligned  with  the  grid.  Vehicles  located  themselves  in  this  manner  independently  and  continuously, 
and  the  effect  was  to  minimize  the  relative  error  between  vehicles. 

The  ranging  and  communication  functions  were  served  by  an  experimental  TDMA  data  link  known  as 
TSRS  (Time  Synchronized  Ranging  System).  This  was  a  fixed  frequency,  time-multiplexed  system  in 
which  each  terminal  had  an  assigned  time  slot  for  transmission  and  received  in  all  other  time  slots. 

User  terminals  synchronized  independently  with  a  master  terminal  to  a  high  degree  of  precision,  and 
TOA  (Time  of  Arrival)  of  transmissions  was  a  measure  of  range  to  the  transmitter.  The  TSRS  had  an 
active  (transmit/ receive)  and  a  passive  (receive  only)  operating  mode.  In  the  active  mode,  synchroni¬ 
zation  was  automatic  and  TOA  measurements  were  used  as  range  measurements  to  estimate  grid  position. 

In  the  passive  mode,  TOA  measurements  included  a  clock  bias  which  was  estimated  by  the  computer 
along  with  the  grid  position. 

The  TSRS,  although  less  sophisticated,  was  similar  to  JTIDS  in  many  respects.  It  operated  in 
the  L-band  at  1140  MHz  using  differential  phase  shift  keying  with  13  bit  Barker  coded  synchronizing 
signals.  All  transceivers  were  identical  and  included  automatic  coarse  and  fine  synchronization 
with  an  arbitrarily  selected  marker.  (The  equivalent  of  the  JTIDS  Net  Time  Reference).  There  were 
1024  user  slots  every  2.6  seconds  in  which  a  complete  epoch  of  synchronization,  range  measurement 
between  all  members,  and  transmission  of  each  member's  grid  position  occurred. 

The  ITNS  program  was  a  concept  development  rather  than  a  hardware  development  and  available 
equipment  was  used  wherever  possible  to  assemble  the  prototype  systems.  The  development  effort 
concentrated  on  the  multiple  vehicle  system  concepts  and  on  the  real-time  computer  program  to 
implement  these  concepts.  The  TSRS  had  been  developed  by  the  contractor  on  IR&D  funds,  and  three 
terminals  were  purchased  and  three  borrowed  for  use  in  flight  testing.  Inertial  navigation  systems 
from  government  inventory  were  utilized  for  the  dead  reckoning  function. 

ITNS  was  first  proposed  by  the  Singer-Kearfott  Company  to  Naval  Air  Systems  Command  (NAVAIRSYSCOM) 
in  early  1971,  and  Naval  Air  Development  Center  (NAVAIRDEVCEN)  was  tasked  with  conducting  the  development. 
A  contract  was  let  with  Singer  and  in  May  1972,  two  aircraft  systems  with  spares  were  delivered.  The 
following  paragraphs  describe  the  five  tests  and  demonstrations  performed  with  this  equipment  to  confirm 
the  feasibility  and  the  utility  of  the  ITNS  concept. 

B.  DEMONSTRATION  DESCRIPTIONS 

1.  AUTEC  (ATLANTIC  UNDERWATER  TEST  &  EVALUATION  CENTER) 

a.  Purpose 

The  purpose  of  this  test  was  to  ascertain  the  feasibility  of  the  ITNS  Concept.  It 
should  be  noted  that  the  ITNS  project  was  a  concept  development,  not  a  hardware  development  and  off- 
the-shelf  equipment  was  used  to  assemble  the  prototype  system. 

b.  Description 

From  September  1972  to  Mav  1973,  flight  tests  were  conducted  over  the  AUTEC  instrumented 
test  range  at  Andros  Islands,  Bahamas. 


The  AUTEC  test  range,  although  primarily  an  in-water  tracking  range,  has  an  in-air 
tracking  capability  consisting  of  two  precision  radars  and  five  cine- theodolites.  During  testing, 
one  radar  would  track  each  aircraft  and  provide  a  position  history  on  magnetic  tape.  Meanwhile, 


aboard  each  aircraft,  a  history  of  the  ITNS  position  estimate  was  recorded  on  magnetic  tape.  After 
the  test,  these  tapes  were  time-correlated  and  compared  to  determine  the  position  accuracy  of  the 
system.  The  aircraft  trajectories  were  designed  to  stay  fairly  close  to  the  radar  sites  in  order  to 
maintain  tracking  accuracy.  Under  these  conditions,  it  was  expected  that  the  radar  accuracy  would 
be  sufficient;  and  theodolite  data,  while  collected  in  limited  quantities,  was  therefore  not  processed. 

The  aircraft  were  based  at  Key  West,  Florida,  approximately  200  miles  from  the  range. 

During  a  test  day  they  would  fly  to  the  range,  conduct  several  exercises  in  succession,  and  return  to 
base.  Test  coordination  was  provided  by  the  AUTEC  test  director  who  monitored  aircraft  position, 
instrumentation  status,  and  progress  of  the  exercise.  Exercises  varied  from  a  few  minutes  to  several 
hours  in  length,  but  most  from  30  minutes  to  1  hour.  A  total  of  198  exercises  were  conducted  in  43 
test  days  during  the  eight-month  period. 

The  three  ground  stations  were  established  at  fixed  locations  on  the  range  for  tne 
duration  of  the  test  series.  These  ground  stations  were  used  to  simulate  additional  members  of  the 
conmunity,  although  they  had  no  dead  reckoning  or  computational  capability.  Because  they  were 
stationary,  their  position  in  the  grid  could  be  determined  from  the  aircraft  by  a  trilateration 
procedure,  and  this  position  was  used  as  if  it  were  a  report  from  a  full-fledged  member.  Different 
community  sizes  were  evaluated  by  using  all,  some,  oi  none  of  the  ground  stations  in  addition  to 
the  two  aircraft.  A  tape  recorder  at  one  of  the  ground  stations  recorded  the  position  reports  of 
the  aircraft  as  backup  instrumentation. 

Large  aircraft  were  required  for  use  as  test  beds  to  carry  ITNS  equipment,  instrumentation, 
and  technical  personnel  while  remaining  airborne  for  extended  periods.  Three  different  aircraft  were 
used  during  the  course  of  the  test:  a  P3  long-range  patrol  aircraft;  a  C 1 1 7  cargo  aircraft  during  the 
1972  test;  and  the  same  P3  along  wi  th  an  EC121  long-range  patrol  aircraft  during  the  1973  testing. 

During  most  of  the  exercises,  the  aircraft  flew  racetrack  patterns  at  altitudes  of  7,000  to  15,000 
feet  and  speeds  of  150  to  250  knots.  Some  trajectories  were  designed  to  study  the  effects  of 
different  geometry  but  tactical  flight  patterns  were  avoided  since  they  caused  loss  of  radar  tracking. 

c .  Resul ts 

Feasibility  -  The  ITNS  concept,  combining  range  measurements  between  vehicles  with  self- 
contained  dead  reckoning,  was  found  to  be  feasible.  Communities  of  two  to  five  members  were  attempted, 
and  in  each  case  stable  navigation  was  achieved.  Furthermore,  the  navigation  accuracy,  was  sufficient 
for  most  tactical  applications.  The  capability  for  some  members  to  participate  without  radiating  was 
particularly  appealing.  In-air  alignment  of  inertial  systems  was  accomplished  with  ITNS.  Fixed  ground 
stations  were  not  required,  but  performance  degraded  in  communities  smaller  than  four  members. 

Applicability  -  ITNS  was  found  to  be  an  effective  utilization  of  the  T0A  measurements 
from  a  synchronized  TOMA  data  link.  Given  a  community  of  vehicles  equipped  with  dead  reckoning  and 
TDMA,  the  techniques  of  implementation  were  simple  and  straightforward.  ITNS  and  TDMA  complemented  one 
another,  and  a  large  payoff  could  be  realized  at  small  additional  cost. 

System  Concepts  -  The  flight  testing  disclosed  the  following  aspects. 

Grid  Acquisition  -  Two  methods  of  grid  acquisition  were  tested:  trilateration 
and  inertial.  After  a  few  minutes  of  grid  operation,  performance  was  equivalent.  Either  method  was 
suitable  although  inertial  acquisition  was  simpler. 

Reset  Capability  -  As  a  result  of  necessary  approximations,  the  Kalman  filter 
would  occasionally  become  nonlinear  and  a  recovery  method  for  such  situations  was  necessary. 

Maintaining  free  inertial  dead  reckoning,  as  well  as  the  f i 1 ter-corrected  hybrid  navigation,  serves 
this  purpose  and  was  well  worth  the  additional  complexity. 

Reasonableness  Tests  -  Checks  for  consistency  of  range  measurements  and  dead 
reckoning  detected  occurrence  of  improper  operation.  Such  tests  gave  warning  of  unreliable  operation 
and  indicated  when  a  reset  was  required. 

Stationary  or  Slow  Moving  Members  -  The  inclusion  of  a  single  stationary  or  slow 
moving  member  in  a  community  can  cause  accuracy  to  degrade.  Th<  member  can  locate  himself  properly 
but  does  not  make  a  good  reference  for  faster  moving  members.  Stationary  or  slow  moving  members 
should  either  be  used  in  pairs  or  else  assigned  a  secondary  standing  in  the  community. 


2.  AT-SEA  FEASIBILITY 

a .  Purpose 

This  demonstration  was  conducted  for  the  purpose  of  defining  the  operational 
feasibility  and  potential  tactical  utility  of  the  ITNS  system  concept,  showing  that  the  results 
of  the  AUTEC  test  could  be  extrapolated  to  tactical  situations. 

b .  Descrip t ion 

Airborne  Functional  Description 

The  basic  airborne  unit  configuration  consisted  of  the  experimental  ITNS  flight  system 
flight  tested  at  AUTEC  in  two  aircraft.  Two  such  systems  were  installed  in  aircraft,  one  in  a  P3A 
and  the  other  in  a  C121,  for  the  UsS  GUAM  demonstration. 
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A  capability  to  transmit  and  receive  target  position  data  in  conmunity  grid 
coordinates  was  added.  Manual  insertion  of  target  range  and  relative  bearing,  together  with  a 
time  mark,  enabled  the  tracking  (transmitting)  aircraft  to  calculate  target  grid  position. 

This  data  and  other  manually  inserted  data  was  transmitted  to  all  members  of  the  ITNS  community. 

A  capability  was  also  added  so  that  any  receiving  aircraft  could  continuously 
compute  and  display  own  range  and  true  bearing  either  to  a  target  received  from  another  vehicle 
via  the  ITNS  data  link  or  to  grid  coordinates  inserted  manually  by  the  operator 


Shipboard  Functional  Description 

The  USS  Guam  was  configured  as  a  full  ITNS  corominity  member, 
configuration  was  similar  to  the  airborne  inertial  configuration. 


The  hardware 


The  major  difference  in  the  shipboard  configuration  was  that  the  ship's  Electromagnetic 
(EM)  log  provided  speed  to  the  digital  computer.  It  was  necessary  to  use  ship's  speed  to  damp  the 
inertial  system's  oscillatory  errors  which  tended  to  build  with  time.  Since  the  inertial  set 
was  designed  for  aircraft  flight  times  of  a  few  hours,  it  was  necessary  to  provide  the  damping 
on  a  ship  where  operational  periods  are  measured  in  days  or  weeks.  A  shipboard  OMEGA  navigation 
receiver  was  installed  on  the  USS  GUAM.  Position  fixes  from  this  receiver  were  used  to  correct 
the  drift  of  the  ships  ITNS  inertial  set. 

For  the  shipboard  comnand  and  control  functions,  the  grid  position  of  each 
ITNS  conmunity  member  and  all  reported  targets  were  plotted  on  a  surface  grid  plot.  The 
dynamic  tactical  situation  was  thus  immediately  available.  For  the  demonstration,  grid  coordinates 
were  also  transmitted  via  sound-powered  phones  to  the  combat  Information  Center  where  an  extended 
surface  plot  was  maintained.  The  ITNS  on  board  the  ship  was  also  provided  with  the  computer 
capability  to  calculate  the  range  and  bearing  to  any  community  member,  any  transmitted  target, 
or  any  grid  coordinate  inserted  manually  into  the  computer. 

The  shipboard  system  was  capable  of  operating  in  all  the  modes  of  which  the 
airborne  units  were  capable,  including  the  passive  mode,  so  long  as  two  other  active  conmunity 
members  were  within  LOS  (line  of  sight)  of  the  ship.  Additional  modes  were  available  for 
experimentation  as  outlined  in  Table  I. 

TABLE  I 

ITNS  OPERATING  MODES 

Airborne  controller,  airborne  user,  marine  user 
Marine  controller,  airborne  users 

Airborne  user,  1-3  ground  stations  (not  used  in  USS  GUAM 
demonstration) 

Airborne  controller,  airborne  alignment  of  user  inertial 
system  for  subsequent  geographic  navigation,  marine  user 

Mode  I  with  geographic  position  updates  derived  from 
external  geodetic  reference  applied  to  controller 

Mode  I  with  any  user  operating  passively  (no  RF  emission) 

Same  as  Mode  VI,  but  with  initial  active  synchronization 


Mode 

I: 

Mode 

II: 

Mode 

III 

Mode 

IV: 

Mode 

V: 

Mode 

VI: 

Mode 

VII 

Modes  I  and  II  include  the  capability  for  the  airborne  user  and  controller  to  Interchange 
functions  without  losing  the  grid. 

Demonstration  Phases 

The  demonstration  of  the  ITNS  capability  in  the  deep-ocean  environment  was 
designed  to  indicate  some  of  the  potential  practical  advantages  of  the  precision  navigation 
capability  and  tactical  data  exchange  potential  of  the  ITNS. 

The  demonstration  was  designed  around  the  minimal  community  of  platforms 
which  had  been  configured  as  ITNS  relative  grid  community  members.  This  conmunity  consisted  of 
the  USS  GUAM  and  two  aircraft:  a  P3A  and  a  Cl 21.  Because  the  two  aircraft  were  staged  each 
day  from  the  Naval  Air  Development  Center  ( NAVAI RDEVCEN) ,  Warminster,  Pennsylvania,  and  because  the  USS 
GUAM  was  operating  in  coastal  waters  near  Charleston,  South  Carolina,  the  demonstration  was  limited  to  an 
aircraft  overhead  period  of  approximately  3  1/2  to  4  hours  each  day. 

Because  of  the  difference  in  speeds  of  the  two  aircraft,  the  P3A 
usually  arrived  earlier  than  the  Cl 21 ,  and  thus  was  assigned  the  function  of  establishing 
the  conmon  grid  and  assuming  the  role  of  controller. 
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The  demonstration  scenario  consisted  of  the  following  basic  phases: 

Pre-Demonstration  Phase  -  In  a  phase  preceding  the  demonstration, 
the  common  grid  would  be  established  by  the  P3A  and  acquired  by  the  other  two  platforms,  and  the  two 
aircraft  would  tiien  take  up  their  positions  for  the  first  phase  of  the  exercise. 

Phase  I  -  A/C  would  report  targets 

Phase  II  -  Demonstrate  over-the-horizon  capability 
of  the  I TNS  (using  relay  A/C) 

Phase  III  -  Demonstrate  passive  operation 

On  those  demonstration  occasions  when  visitors  were  aboard  one  of  the  aircraft 
instead  of  the  ship,  a  fourth  demonstration  phase  was  conducted.  During  this  phase,  the  capability 
of  an  aircraft  to  navigate  precisely  in  the  relative  grid  was  demonstrated  in  a  passive  mode. 

Station  keeping  capability  between  the  two  aircraft  was  demonstrated  in  an  active  mode,  and  the 
total  range  capability  of  the  ITNS  radio  system  was  demonstrated. 

c.  Results 

The  demonstration  aboard  the  USS  GUAM  was  conducted  in  an  abbreviated  at-sea  period 
from  10  January  to  2 6  January  1973.  In  preparation  for  this  demonstration,  only  two  ITNS  aircraft 
flights  were  made  in  the  neighborhood  of  the  USS  GUAM;  both  of  these  were  made  during  the  in-port 
period  in  December  1972.  A  single  cruise  period  in  December  had  been  used  to  check  out  the  at-sea 
alignment  of  the  inertial  system,  using  hand-set  EM  log  velocity  reference  and  OMEGA  position 
corrections.  These  tests  for  USS  GUAM  system  check-out  at  sea  were  made  without  the  presence  of  the 
ITNS  aircraft. 

The  first  community  operation  of  the  ITNS  relative  grid  system  using  all  moving 
vehicles  in  the  open-ocean  environment  was  accomplished  on  the  very  first  flight  of  the  two  test 
aircraft  in  the  neighborhood  of  the  at  sea  USS  GUAM.  On  this  date,  11  January  1973,  the  ITNS 
demonstrated  the  capability  to  establish  a  common  grid,  the  capability  for  all  units  to  acquire  that 
grid,  and  the  capability  to  continuously  navigate  precisely  in  the  common  grid.  Continuous  position 
reporting  by  the  ITNS  data  link  was  demonstrated,  and  the  initial  use  of  tactical  commands  using  the 
command  library  was  demonstrated.  Also  on  11  January  the  passive  operator  mode  was  demonstrated. 

During  the  succeeding  duys  of  the  at-sea  period,  additional  items  of  the  at-sea 
demonstration  scenario  were  successfully  added  to  the  schedule  of  each  given  day  until  the  full 
demonstration  capability  could  be  exercised  in  a  single  4-hour  on-station  period. 

On  17  January  1973,  a  full  demonstration  scenario  was  conducted.  All  elements  of  the 
demonstration  scenario  were  again  accomplished  successfully.  The  scenario  rehearsal  was  performed 
in  preparation  for  a  full  scale  ITNS  capabilities  demonstration  which  was  conducted  for  flag  rank 
officers  and  civilians  of  the  Navy  Department  who  observed  the  full  operations  aboard  the  USS  GUAM 
on  18  January  1973.  Again,  during  this  formal  demonstration  all  demonstration  capabilities  were 
successfully  accomplished  with  the  demonstration  scenario. 

An  additional  formal  demonstration  was  conducted  on  23  January  1973  for  Navy,  Air 
Force,  and  civilian  observers.  These  observers  witnessed  the  demonstration  from  the  vantage  point 
of  the  P3A.  During  this  day  and  this  day  alone,  the  controller  function  was  assumed  by  the  C 1 21 . 

This  was  done  in  order  that  the  visitors  might  observe  cormon  grid  acquisition  by  a  user  from  the 
platform  on  which  they  were  riding. 

Again,  all  items  of  the  demonstration  scenario  were  successfully  accomplished. 

Passive  aircraft  operation  was  successfully  demonstrated  at  that  time.  In  addition,  the  station 
keeping  capability  of  the  two  aircraft  was  demonstrated  by  assuming  a  close  formation  flight.  In 
this  maneuver,  the  two  aircraft  were  approximately  350  feet  apart,  with  the  P3A  assuming  a  position 
250  feet  to  the  rear  and  250  feet  to  the  starboard  of  the  Cl 21 .  The  system  consistently  indicated 
the  proximity  of  the  two  aircraft  during  this  maneuver.  The  range  test  was  also  conducted  to 
demonstrate  the  reception  range  of  the  ITNS  data  link  and  the  DME. 

3.  TACTICAL/SEA  CONTROL  SHIP 

a .  Purpose 

The  purpose  of  the  demonstration  was  two  fold: 

Ascertain  the  benefits  of  ITNS  to  the  SCS  (Sea  Control  Ships)  operations 

Develop  potential  new  tactics  using  the  increased  capabilities  offered  by  the  ITNS. 

b .  Description 

The  ITNS  was  modified  for  use  during  this  sea  test  demonstration.  This  demonstration 
system  operated  as  part  of  a  community  of  users  consisting  of  th>-ee  members,  including  a  shipboard 
system  and  two  helicopter  systems.  This  modified  system  had  the  following  capabilities: 


It  was  designed  to  provide  precision  navigation  to  users  within  a  community 
relative  grid.  Through  the  proper  use  of  this  navigation  grid,  targets  could  be  accurately  referenced 
to  all  conmuni  ty  members. 

A  1 ine-of-sight  data  link  communication  capability  wa  .  provided  whereby  target 
data  and  message  data  could  be  transmitted  between  any  or  all  community  members.  Each  member's  grid 
position  and  status  was  automatically  transmitted  over  this  link  while  in  active  mode. 

An  automatic  data  relay  was  provided  whereby  a  controller  designated  unit  (a 
capability  which  can  be  assumed  by  any  member)  would  automatically  relay  the  data  between  users  not 
within  line-of-  ight  of  each  other.  Any  user  could  also  operate  within  the  navigation  grid  and 
receive  all  data  link  communications  while  in  passive  mode  (no  RF  radiation). 

Prior  to  in-flight  grid  navigation,  deck  initialization  and  alignment  of  the  airborne 
inertial  systems  to  the  ship's  ITNS  inertial  system  was  provided  through  use  of  the  same  radio  data 
link  described  above.  ITNS  grid  operation  was  exercised  by  an  airborne  unit  while  proceeding  with 
its  deck  initialization  and  alignment. 

Following  ini tial ization  and  start  up  of  the  airborne  or  ship  systems,  the  focal 
point  of  operator  mode  control  and  tactical  coordination  was  primarily  centered  about  two  control 
and  display  panels.  These  were  designated  as  the  CO  (Computer  Display)  local  TOP  (Tactical  Display 
Panel).  In  addition  remote  display  of  navigation  and  mission  data  was  supplied  in  the  helicopter 
configurations  through  a>  additional  "display  only"  remote  TDP  and  BDH1  (Bearing  Distance  Heading 
Indicator)  at  the  pilot's  station  in  each  aircraft.  Also,  two  additional  remote  "display  only" 

TDP's  were  supplied  on  the  ship,  with  one  located  in  the  CIC  (Central  Information  Center)  and  one 
located  in  the  ASCAC  (Anti-Submarine  Classification  and  Analysis  Center). 

Operator  navigation  mode  control  of  the  system  aboard  ship  or  in  either  helicopter 
was  exercised  through  use  of  the  CP  (Control  Panel).  This  panel  permitted  the  operator  to  command  ITNS 
grid  navigation  following  alignment  and  to  command  normal  geographic  navigation  modes.  All  tactical 
mission  operations  were  exercised  through  use  of  the  primary  TDP.  Passive  mode  operation  was  commanded 
by  a  user  conmuni ty  member  from  this  panel.  Both  target  location  options  (flyover  and  offset)  were 
initiated  through  the  TDP  with  an  ability  to  command  storage  of  up  to  10  targets.  Range,  relative 
bearing,  and  time-to-go  to  any  of  these  10  stored  targets,  as  well  as  both  other  community  members,  were 
displayed  on  the  TDP  by  operator  switch  command.  This  display  was  used  in  the  helicopters  for  vectoring 
to  targets  positionined  in  the  ITNS  grid  or  to  other  community  members.  On  board  the  ship,  this  display 
capability  was  used  for  plotting  grid  positions  of  received  targets  and  the  two  helicopters  relative  to 
the  ship  on  the  tactical  plotting  board  tn  the  CIC.  Target  and  message  data  transmissions,  as  well  as 
acknowledgements  of  received  transmissions  from  other  members  were  initiated  through  the  TDP.  All 
communication  traffic  could  be  addressed  to  one  or  all  community  members. 

In  the  helicopters,  the  remote  TDP  display  at  the  pilot's  station  provided  aircraft 
velocity  and  true  heading  as  well  as  the  same  target  data  displayed  on  the  local  TDP.  This,  together 
with  the  6DHI  display,  provided  the  pilot  with  pertinent  ITNS  navigation  data  and  targeting  data  for 
use  in  vectoring  to  various  target  positions. 

This  same  remote  TDP  capability  in  the  CIC  and  the  ASCAC  on  board  the  ship  allowed 
position  location  and  status  of  both  aircraft  ind  targets  to  be  monitored. 

c .  Results 

Comparison  of  radar  and  ITNS  position  marks  indicated  a  difference  greater  than  that 
which  could  be  associated  with  radar  error.  The  difference  was  due  to  two  sources;  EM  log  error 
and  ITNS  grid  drift.  This  grid  drift  is  consistent  for  all  platforms  utilizing  ITNS.  and  thus  does 
not  affect  tact’cal  decisions  made  based  on  grid  data. 

This  comparison  indicated  that  the  velocity-heading  dead  reckoning  should 
be  part  of  the  ITNS  for  sea  control  ship  operations. 

The  objective  of  the  exercise  was  to  detect  and  locate  a  participating  submarine. 

During  the  first  four  days  of  the  exercise,  the  TINS  was  used  sparingly,  mostl ,  for  data  transmission 
of  buoy  drop  commands.  Positions  of  aircraft  were  marked  on  the  DRT  (Dead  Reckoning  Trace)  by 
reference  to  radar,  rather  than  ITNS.  Commencing  on  12  September  1973,  the  DRT  positions  were 
marked  by  the  ITNS,  and  checked  by  radar  for  operator  confidence. 

The  success  of  the  ITNS  was  best  demonstrated  by  the  comparison  of  using  different 
new  methods  for  laying  sonobuoy  barriers.  To  have  a  high  degree  of  confidence  the  barrier  spacing 
must  be  less  than  a  certain  distance  apart.  The  barrier  was  consistently  ienetrated  until  it  was 
layed  utilizing  the  ITNS. 

One  of  the  major  contributions  of  ITNS  was  the  reduction  ot  voice  communication.  In 
preparation  for  this  tactical  demonstration,  the  helicopter  crews  developed  a  standard  sot  of 
messages  to  be  exchanged  using  the  ITNS  data  link.  This  set  of  messages  was  changed  and  increased 
as  the  demonstration  progressed  and  as  more  uses  of  the  data  link  were  developed  and  implemented  by 
shipboard  and  helicopter  personnel. 


The  first  day  of  the  ITNS  demonstration  both  helicopters  were  sent  out  to  perform 
over-the-hoi izon  relay  and  taryet  hand-off  functions.  One  helicopter  went  over-the-horizon,  marked 
a  target,  and  sent  back  through  the  relay  helicopter  the  target  position.  The  over-the-horizon 
helicopters1  positions  were  also  continuously  and  automatically  relayed  to  the  USS  GUAM  through  the 
high  flying  helicopter.  Target  hand-off  between  the  helicopters  was  then  performed  just  by  turning 
a  .witch  and  pushing  a  button.  No  problems  were  encountered  in  the  relay  or  hand-off  function 
demonstration.  It  should  again  be  noted  that  the  target  information  and  the  position  of  both 
helicopters  were  available  in  the  USS  GUAM'S  CIC  via  the  remote  TOP. 

On  most  days  of  the  demonstration  only  one  ITNS  equipped  helicopter  operated  with  the 
ship  during  a  particular  exercise.  Although  operations  involving  more  than  two  platforms  provide 
the  most  adequate  mode  of  ITNS  operation,  the  one-on-one  operation  proved  very  satisfactory.  The 
barriers  were  layed,  in  fact,  using  this  one-on-one  technique. 

This  performance  level  was  maintained  while  experimenting  with  various  types  of 
barriers  during  the  remaining  days  of  the  exercise.  Methods  were  also  developed  by  helicopter 
personnel  to  reduce  the  time  to  lay  various  patterns  by  using  ITNS.  The  helicopter  personnel  were 
the  prime  developers  for  these  new  tactics  and  were  more  than  satisfied  with  the  ITNS. 

4.  ITNS/CONDOR  DCM0NSTRAT10N 

a .  Purpose 

The  purpose  of  the  ITNS/Condor  demonstration  was  to  show  the  capability  of  the  radar 
and  electro-optical  sensors  of  the  Condor  missile,  when  augmented  with  the  ITNS  position  reporting 
and  vectoring  capability,  tu  accomplish  remote  surveillance  and  control.  The  Condor  nr'ssile  itself 
was  not  used  in  the  demonstration,  only  a  pod  containing  the  sensois. 

b.  Description 

The  Condor  missile  contains,  in  addition  to  motor  and  warhead,  advanced  radar  and 
electro-optical  sensors  and  a  two-way  data  link.  After  launch,  the  operator  monitors  the  radar  or 
television  imagery  returned  by  the  data  link  and  controls  the  course  of  the  missile  to  bring  a 
desired  target  to  the  center  of  the  display.  The  target  is  then  designated  to  the  missile  which 
homes  on  contrast  differences  in  the  display,  providing  great  accuracy  against  fixed  or  moving 
targets. 


The  radar  has  high  range  resolution  and  wide  band  frequency  agility  for  sea  clutter 
suppression,  accurate  target  designation,  and  stable  target  tracking.  It  has  a  high  area  revolution 
mode  for  recognition  of  complex  targets  and  can  operate  in  either  monopulse  or  track  while  map 
modes.  The  electro-optical  seeker  is  a  TV  camera  slaved  to  the  radar  tracking  line.  If  a  target  is 
designated,  it  provides  automatic  lock-on  and  aimpoint  update  using  contrast  aifferences  within  the 
TV  tracking  gate.  The  data  link  provides  inan-in-the-loop  control  up  to  the  point  of  target  designation. 

The  ITNS  equipment  used  in  this  demonstration  was  essentially  the  same  as  in  the 

previous  demonstrations;  providing  a  conmon  community  tactical  grid  for  precision  relative  navigation, 
position  reporting,  station  keeping,  vectoring,  and  shared  geographic  navigation.  A  CR1  was  included 
to  show  a  horizontal  situation  display  of  the  position  and  identification  of  moving  vehicles  and 
designated  points  of  interest. 

The  demonstration  community  consisted  of  the  USS  Guadalcanal  which  served  as  command 

and  control  center,  an  ITNS  equipped  CH53  helicopter  which  served  as  target  designator,  and  a  R36 

equipped  with  the  ITNS  and  the  Condor  sensor  pod.  The  ITNS  and  Condor  display  consoles  were  installed 
side  by  side  aboard  the  ship.  In  the  B26  the  missile  guidance  commands  and  ITNS  vectoring  commands 
were  displaved  to  the  pilot  who  steered  accordingly. 

The  demonstration  scenario  started  with  a  surveillance  mission  using  the  telemetered 
radar  and  TV  imagery  along  with  routine  ITNS  position  reporting  to  map  out  areas  of  tactical  interest, 
controlled  remotely  by  members  of  the  audience.  Meanwhile,  the  helicopters  selected  a  target  of 
opportunity  (a  passing  merchant  ship)  and  marked  on  top  several  times  to  develop  a  track.  The  RUb 
was  then  accurately  vectored  to  intercept  the  track  within  the  narrow  field  of  view  of  the  electro- 
optical  sensor  alone.  The  Condor  system  then  homed  on  the  selected  target  to  demonstrate  the 
automatic  tracking  capability.  Finally,  the  ship  switched  to  radio  silence  for  rendezvous  with  the 
aircraft.  No  Condor  imagery  was  returned  but  the  audience  could  compare  the  horizontal  situation 
display  with  visual  observation  of  the  two  aircraft  to  see  that  navigation  accuracy  was  maintained. 

The  demonstration  was  scheduled  for  April  1974  while  the  USS  Guadalcana1  was  steaming 
off  the  Virginia  coast.  However,  on  the  day  of  the  demonstration,  a  freak  spring  snow  storm  halted 
air  traffic  and  prevented  visitors  from  traveling.  The  demonstration  was  rescheduled  the  following 
week  with  the  ship  at  pier-side  in  Norfolk. 

c .  Results 

The  demonstration  was  a  very  impressive  display  of  surveillance  and  navigation 
capability,  combining  precise  position  reporting  with  high  quality  imagery  and  the  ability  to 
"steer"  the  sensor.  The  combination  allows  rapid  assimilation  and  accurate  evaluation  of  data, 
enabling  a  quick  response  to  threats. 


5.  3/AHRS  (DOPPLER/ ATTITUDE  HEADING  REFERENCE  SYSTEM) 


a.  Purpose 

The  original  ITNS  equipment  used  inertial  dead  reckoning.  The  objectives  of  the 
DAHRS/ITNS  project  were  to  determine  the  feasibility  of  using  alternate  dead  reckoning  equipment, 
develop  a  mechanization  using  alternate  equipment,  evaluate  the  performance  of  this  mechanization, 
and  investigate  the  compatibility  with  the  inertial  mechanization.  The  project  was  conducted  in 
three  phases;  a  design  study  phase,  an  equipment  modification  phase,  and  a  flight  test  phase.  The 
first  two  phases  were  performed  by  Singer  Kearfott  under  contract,  and  the  third  phase  was  performed 
jointly  by  the  Army  and  Navy. 

b.  Description 

The  airborne  configuration  selected  for  implementation  was  a  doppler  radar  with  an 
inertial  system  operating  in  backup  mode  to  simulate  an  AHRS.  The  shipboard  configuration  selected 
was  synchro  velocity  input  (similar  to  EM  log)  and  the  inertial  system  in  backup  mode.  Both  of 
these  configurations  were  required  to  be  interchangeable  with  the  inertial  configuration  by  re¬ 
connecting  cables  and  reloading  the  computer  program.  Furthermore,  the  transmitted  message  format 
was  required  to  be  compatible  with  the  inertial  message  format,  so  that  interoperability  of  the  two 
configurations  could  be  investigated. 

The  ITNS  equipment  was  installed  in  three  aircraft,  an  Army  UH-1  and  a  Navy  SH3  and 
Cl 31.  The  shipboard  station  was  installed  in  a  laboratory  at  NAVAIRDEVCEN,  and  ground  stations  were 
installed  at  Ft.  Dix  and  NAS  Lakehurst.  There  was  sufficient  equipment  to  operate  five  of  these 
stations  at  one  time. 

Two  redundant  instrumentation  schemes  were  used.  Each  aircraft  was  equipped  with  a 
vertical  camera  to  photograph  the  ground  and  a  horizontal  camera  to  photograph  the  instrument  panel. 
Upon  overflight  of  a  landmark,  simultaneous  photographs  were  taken,  allowing  offset  from  the  land¬ 
mark  to  be  calculated.  This  was  supplemented  with  manual  data  recorded  by  the  operator.  In  addition, 
each  aircraft  was  provided  with  a  tape  recorder  which  recorded  all  significant  variables  including 
barometric  altitude  and  range  to  two  ground  stations.  This  provided  sufficient  information  for 
tri lateration  position  solutions. 

During  the  period  from  March  through  Duly  197?,  a  total  of  283  hours  were  flown 
in  various  configurations,  environments,  and  operating  modes.  Performance  of  individual  members 
with  respect  to  ground  stations,  and  of  two  and  three  member  communities  without  ground  stations 
were  evaluated.  The  Army  aircraft  investigated  the  effect  of  low  level  (nap  of  the  earth )  flight 
and  the  Navy  aircraft  investigated  over  water  operation. 

c.  Results 

Due  to  equipment  age  and  heavy  usage,  the  1DMA  and  AHRS  performance  was  erratic,  but 
these  components  were  not  the  subject  of  this  evaluation.  The  relative  navigtion  concept,  which  was 
under  evaluation,  was  found  to  be  generally  tolerant  to  rubsystem  behav  or. 

ITNS  performance  is  dependent  on  geometry.  The  flight  test  geometry  was  neither  the 
best  nor  the  worst  possible,  and  represents  a  reasonable  tactical  situation.  However,  a  more  widely 
distributed  community  would  produce  somewhat  better  results.  Relative  position  error  was  on  the 
order  of  3-5  times  larger  than  that  obtained  using  an  inertial  system  as  the  dead  reckoning  device. 
Current  studies  being  performed  by  the  Singer-Kearfott  Company  (Section  III.!?)  are  aimed  at  reducing 
these  errors  in  JTIDS  conf igurat ions . 

C.  SUMMARY 

The  orderly  progression  of  conducting  demonstrations  of  the  ITNS  resulted  in  wide  spread 
acceptance  not  only  of  the  feasibility  of  the  concept  but  in  a  realization  that  it  could  enhance 
fulfillment  of  certain  missions.  The  ITNS  data  base  aided  the  JTIDS  development  process,  especially 
in  the  relative  navigation  area. 
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SUMMARY 

The  Joint  Tactical  Information  Distribution  System  (JTIDS)  will  provide  to  the  military 
services  improved  performance/secure  digital  communication,  precision  relative  navigation 
and  conventional  Tacan  and  IFF  functions.  The  portion  of  the  electromagnet ic  spectrum 
proposed  for  JTIDS  is  960  to  1215  MHz. 


I .  INTRODUCTION 

The  Joint  Tactical  Information  Distribution  System  (JTIDS)  is  an  Integrated  Communica¬ 
tion  Navigation  and  Identification  (ICNI)  system  that  features  spread  spectrum,  frequency 
hopping,  high  performance,  digital  communications. 

It  is  proposed  to  operate  the  Joint  Tactical  Information  Distribution  System  (JTIDS) 
in  the  960  to  1215  MHz  Lx-Band,  already  occupied  by  the  ICAO  DME  and  ATCRBS  and  by  the  mili¬ 
tary  Tacan  systems.  This  paper  examines  the  technical  and  historical  reasons  for  this  and 
shows  why  compatibility  with  these  existing  services  is  entirely  feasible. 


2.  THE  PHYSICS  OF  THE  PROBLEM 


2.1  PROPAGATION 

For  wide-band  radio  systems  operating  near  the  surface  of  the  Earth,  there  is  a  broad 
optimum  spectrum  from  about  200  MHz  to  about  5000  MHz.  Below  this  band,  ionospheric  reflec¬ 
tion  occasionally  produces  unwanted  interference  (below  30  MHz  it  actually  becomes  a  major 
mode  of  communication),  while  above  this  band,  atmospheric  precipitation  produces  losses. 

2.2  RECEIVER  ANTENNA  AREA 

Within  the  200  to  5000  MHz  band,  all  frequencies  propaqate  equally  well,  but  with 
significant  increases  in  propagation  losses  as  the  frequency  increases  with  the  received 
power  being  proportional  to  receiver  antenna  area.  For  simple  omni-directional  antennas, 
this  area  decreases  as  the  square  of  the  wavelength;  e.g.,  a  dipole  at  2000  MHz  intercepts 
one  quarter  of  the  (xiwer  of  one  at  1000  MHz.  Since  receiver  noise  figures,  in  general, 
tend  to  get  worse  as  the  frequency  is  raised,  a  compensation  for  reduced  receiver  antenna 
area  is  increased  transmitter  power.  This  favors  operation  at  the  low  end  of  the  band. 

2.3  PERCENTAGE  BANDWIDTH 

Wideband  systems  become  a  great  deal  more  practical  if  they  are  less  than  an  octave  wide 
as  this  avoids  the  second  harmonic  of  a  low-frequency  channel  from  being  mistaken  for  the 
fundamental  of  a  high-frequency  channel.  A  second  consideration  for  avoiding  an  octave  or 
greater  bandwidth  is  that  a  quarter-wave  at  one  end  of  the  band  is  a  half-wave  at  the  other 
end,  thereby  complicating  the  design  of  tuned  circuits.  Thus,  a  "comfortable"  bandwidth  is 
one  that  is  less  than  about  40  percent  of  the  center  frequency.  For  JTIDS,  this  means  that 
if  we  want  to  frequency-hop  over  a  250  MHz  band,  our  center  frequency  should  not  be  below 
about  600  MHz. 

2.4  SPECTRUM  ALLOCATION  LIMITATIONS 

As  is  currently  the  case  with  many  of  our  natural  resources,  RF  spectrum  is  limited. 

In  recognition  of  this,  it  is  international  and  national  frequency  management  policy  to  make 
multiple  use  of  already  existing  allocations  if  such  expanded  use  can  be  achieved  on  a  fully 
compatible  and  non- i n t er f er i ng  basis. 

Figure  1  shows  the  frequency  allocation  and  typical  utilization  factor  for  the  C-N-I 
systems  currently  in  widespread  use. 
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Figure  1.  CNI  Frequency  Allocations 


The  chat t  of  Figure  1  has  been  drawn  with  an  interrupted  linear  scale  for  frequency  so 
that  the  bandwidth  for  each  of  the  bands  can  be  readily  compared  while  the  ordinate  shows 
tlie  percentage  utilization  of  each  of  the  bands  in  two  ways.  The  cross-hatched  area  shows 
that  utilization  which  would  exist  if  all  allocated  functions  were  operated  simultaneously 
in  a  given  area.  The  superimposed  solid  lines  show  the  utilization  in  a  typical  operation¬ 
al  area.  We  note  that  a  large  amount  of  spectrum  in  many  choice  frequency  ranges  lias  been 
allocated  to  aeronautical  radio  service,  including  communications,  navigation,  identifica¬ 
tion,  and  related  functions.  The  figure  shows  the  more  attractive  candidate  bands.  Of 
these,  three  bands  are  dominant;  namely,  the  2 25  to  400  MHz  UHF  communications  band;  the 
960  to  1215  MHz  Lx-Band,  which  provides  Tacan/DMl*  and  1 FF/ATCRBS  functions;  and  the  1540  to 
l  6  60  MHz  band,  a  part  of  which  has  been  tentatively  allocated  to  the  ATA  collision  avoidance 
system  and  which  has  also  been  identified  for  I. -Band  satellite  functions. 

We  note  that  over  70  percent  of  the  hands  depicted  below  1660  MHz  are  currently  allo¬ 
cated  to  r-N-I  related  functions,  with  over  4  0  percent  dedicated  to  Tacan/PMK  and  1 KF/7VTCKBS . 

Taking  into  consideration  the  foregoing  points,  it  is  clear  that  we  would  like  to  op¬ 
erate  at  as  low  a  frequency  as  possible  in  the  200  to  5000  MHz  band,  but  with  a  center  fre¬ 
quency  above  600  MHz.  In  nearly  all  NATO  countries,  this  latter  frequency  spectrum  ((>00  to 
‘>00  MHz)  is  devoted  to  television.  As  we  go  up  in  frequency,  the  logical  choice  becomes  the 
‘>60  to  1215  MHz  aeronautical  band.  The  next  highest  band,  around  1500  MHz,  would  require 
about  l  1/2  -  2  times  as  much  power,  other  things  being  equal. 

One  might  be  tempted  to  consider  the  225  to  400  MHz  band,  decreasing  the  degree  of  fre¬ 
quency-hopping,  but  gaining  a  useful  power  advantage.  However,  the  nature  of  the  service 
density  already  in  that  band  makes  the  addition  of  new  services  very  difficult. 

When  we  combine  the  considerations  of  limited  spectrum  the  favorable  electromagnetic 
character ist ics ,  and  the  generally  low  frequency-time  utilization  factors,  t ht'  960  to  1215 
MHz  band  is  very  attractive.  It  offers  ample  bandwidth  (255  MHz),  is  lightly  used  (typical 
band  duty  factor  is  less  than  0.1  percent),  and  further,  involves  large  numbers  of  subscrib¬ 
ers  among  broad  classes  of  users.  Kach  of  these  existing  users  bring  an  airborne  hardware 
(volume,  weight,  antenna  space,  control  and  indicator  space,  etc.)  suit  whose  functions  can 
be  partially  (or  in  some'  instances  fully)  provided  by'  the  compatible  ON  1  system.  This  is 
realized  through  the  time  shared  utilization  of  receivers,  transmitters,  and  signal/data 
processing  hardware,  thereby  achieving  an  overall  reduction  of  avionics.  Similarly,  each  ot 
these  existing  users  represents  an  investment  in  equipment  and  operation.il  experience  which 
can  stimulate  strong  support  to  a  compatible  ON  l  system,  as  compared  to  a  revolutionary'  non- 
eompat ible  system. 

Table  1  summarizes  the  key  Lx-Band  charact er ist ics  as  they  relate  to  the  points  covered 
above  and  to  the  ICN1/JTIDS  requirements  \n  general. 


1.  Till:  QUF.STION  OF  POMP AT  I  B  1 1.  ITY 


When  the  960  to  1215  MHz  band  was  opened  up  to  the  civil  aviation  after  World  War  11  t o 
provide  1>MK  service,  it  was  generally  recognized  that  this  relatively*  vast  spectrum  allowed 
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many  additional  services  to  be  implemented.  RTCA  SC-40  committee  winch  met  throughout  1948 
to  set  DME  standards  rightly  decided  that  they  would  not  close  the  door  t  o  the  addition  of 
features  such  as  bearing,  ILS,  data  link,  pictorial  displays  and  other  navigation  services. 
One  result  of  this  was  the  requirement  that  receivers  be  able  t o  tolerate  large  amounts  of 
improperly  coded  (pulse-to-pulse  spacing)  pulse  int erf erence-- later  del  lin'd  as  6000  single 
pulses,  (with  random  pulse  to  pulse  spacing)  60  dB  loudei  than  t host'  with  the  desired  code. 
This  assumed  that  new  services,  to  be  added  later,  would  use  new  pulse  codes,  and  there¬ 
fore  be  non- inter fer i ng . 

As  further  evidence  of  this  philosophy,  the  first  Tacan  sets  built  around  19f>l  ,  had 
provision  for  an  ILS  operating  in  the  960  to  1 21 5  MHz  band;  and  in  the  mid-l950*s  the  U.S. 
Navy  developed  a  Tacan-compat ible  data  link.  Neither  of  these  in  any  way  interfered  with 
the  basic  Tacan  operation,  but  were  abandoned  for  othei  i-msohs. 

Thus,  we  can  see  that  the  concept  ot  adding  othei  services  to  the  960  to  1215  MH/.  band 
is  not  particularly  new.  The  question  that  must  now  be  addressed  is  "how  many  new  pulses, 
of  what  signal  format,  can  wo  tolerate.’" 

1.1  CNt  JTIDS  -  Lx- BAND  COMBAT I B l LITY/SUSCKPT l B 1 L l TV 

The  existing  CN 1  t  unct  ions  in  the  960-  1  219  Mil/  Band  ait'  Tacan  DME  and  IFF  ATCRBS 
(AIMS).  The  Tacan  DME  facilities  provide  navigat  ion  and  data  link  functions  on  private 
duplex  channels,  while  AIMS  provides  i dent i f i cat  ion ,  surveillance,  and  telemetered  data 
functions  on  a  common  duplex  channel.  In  general,  Tacan  DME  services  are  excluded  from 
t he  AIMS  -common  channel  frequencies  so  that  the  .’99  MIL*  Lx-Hand  can  be  regaided  as  being 
composed  o t  two  subbands;  namely,  a  subband  id  .M0  MH/.  for  private  channels  and  a  20  MH  * 
subband  t ot  the  common  channel.  (The  remaining  9  MH/  is  used  in  it  ially  for  guard  fre¬ 
quencies  at  the  band  extremes.) 

To  properly  assess  t  lit'  impact  ot  the  new  ICNl/JTIDS  functions  on  conventional  Tacan 
DME  and  IFF /ATCRBS  systems,  the  overall  signal  density  must  be  calculated.  This  signal 
density  will  be  a  function  of  the  new  signal  structure,  maximum  channel  loadings,  trans¬ 
mitted  power  levels/radiated  spectrum,  and  geographic.il  distributions  of  JTIDS  and  conven¬ 
tional  equipments.  This  analysis  is  beyond  the  scope  of  this  paper.  We  present  some  gen¬ 
eral  comments,  and  briefly  characterize  the  existing  military  and  commercial  equipments  as 
to  their  tolerance  to  interference. 

The  nature  of  the  new  ICNI/JTIDS  signal  can  best  be  characterized  as;  low  duty  cycle 
(  10  percent),  frequency  hopped;  wide  band  (  .1  MHz)  spread  spectrum.  Radiated  power  level 
vary  I rom  several  hundred  watts  t o  over  one  kilowatt.  Spectrum  conserving  Continuous  Phase 
Shift  Modulation  (CPSM)  is  used  to  further  contain  the  radiated  spectrum.  Although  the 
basic  carrier  frequency  is  pseudo- randomly  hopped  across  the  255  MHz  band,  guard  bands  ot 
approximately  *20  MHz  are  placed  around  the  1030  and  1090  MHz  IFF/ATCRB  frequencies.  Band 
edges  are  also  protected  with  approximately  ‘9  MHz  guard  bands.  This  leaves  us  with  ap¬ 
proximately  150  MHz  of  usable  spectrum  across  which  t  lie  signal  is  actually  hopped.  Even  at 
maximum  loading  conditions,  the  typical  loading  on  any  one-Mllz  channel  is  approximately 
1500  pps . 
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discuss  t  lu*  interference*  tolerance  of  con- 
of  pulse  interference. 


The  following  paragraphs  will,  therefore, 
ventionai  equipment  in  the  more  familiar  terms 

3.2  A  1  RBORNK  KQU  1 1‘MENTS 

Military  airborne  Tacan  units  including  the  AN/ARN-21,  AN/ARN-52,  AN/ARN-90,  AN/ARN- 
9t»,  AN/ARN-84  and  AN/ARN-118  are  regui red  to  maintain  specified  performance  in  the  presence 
of  randomly  spaced  Taean-type  pulses  which  have  a  rate  of  (>,000  pps  and  an  amplitude  00  dB 
above  the  desired  signals. 

ARINC  c'haractei  ist  ic  568  (which  governs  civil  DME  equipments)  requires  specified  per¬ 
formance  (a  2-dB  sensitivity  reduction  is  allowed)  in  the  presence  of  7,200  Taean  type 
pulses  40  dll  above  the  desired  signal. 

The  highest  estimated  JTIDS  on-channels  pulse  density  (  lr>00  pps)  is  well  below  these* 

known  airborne  equipment  tolerances.  Further,  it  should  be  recognized  that  the  t>0  dB  and 
40  dB  power  ratios  are  equivalent  to  1000:1  and  100:1  range  disadvantage  ratios,  respec¬ 
tively.  This  would  be  equivalent  to  a  Taean  interrogator  trying  to  measure  bearing  and 
distance  to  a  beacon  100  miles  away  in  spite  of  the  presence  of  JTIDS  units  within  one 
mile.  Wlii  1»*  this  situation  is  unrealistically  severe,  the  i  nt  errogat  or '  s  measurement  of 
bearing  and  distance  would  In*  unimpaired. 

.3  .  1  SURFACE  EQUIPMENTS 

No  specific  requirements  in  the  specifications  govern  the  operation  of  the  surface 
equipments  in  the  presence  of  random  single  pulse  interference.  From  a  review  of  the  gen¬ 
eral  design  of  the  surface  eguipment  we  note  that  t  lie  effects  of  pulse  i nter f erence  are 
two- fold.  One  is  caused  by  the  effect  of  the  interfering  signals  on  the  AGC  circuitry,  the 
other  by  the  effect  of  the  interfering  signal  on  the  echo  rejection  circuitry. 

As  the  interference  signal  strength  is  increased  further,  the  addition  of  the  echo 
suppression  circuits  becomes  evident.  These  circuits  cause  a  desensitization  of  the  re¬ 
ceiver  following  reception  of  a  high-level,  noise  pulse.  The  desens i t i zat ion  is  propor¬ 
tional  both  in  magnitude  and  duration  to  the  amplitude  of  the  noise  pulse  and  acts  to  ef¬ 
fectively  reduce  the  receiver  noise  level  for  several  tens  of  microseconds  following  each 
interference  pulse.  As  this  becomes  more  pronounced,  the  AGC  compensates  in  the  other  di¬ 
rect  ion,  increasing  the  receiver  sensitivity  to  maintain  the  constant  decode  rate.  Tests 
have  shown  that  interference  pulse  rates  of  7200  pulses  per  second  cause  only  a  1  dB  vari- 
at  ion  in  receiver  sensitivity. 

There  is  another  effect,  however.  The  blanking  of  tin*  receiver  immediately  following 
reeept ion  ot  an  interference  pulse  also  causes  a  countdown  ot  desired  interrogation  sig¬ 
nals.  Again,  the  effect  is  small  and  tolerable.  For  example,  if  a  beacon  is  operated  in 
the  presence  of  interference  sources  within  ten  miles  which  generate  7200  pulses  per  second, 
an  interrogator  at  100  miles  will  be  penalized  with  only  7  percent  reply  countdown  inter¬ 
rogators  art*  required  by  spec i  f  ioat  ion  to  tolerate*  20  t  o  30  percent  interference-caused 
countdown  without  performance  degradation.  The  countdown  caused  by  the  much  milder  JTIDS 
interference  would  be  minimal. 

In  addition  t o  the  analytically  based  performance  capabilities  ot  Tacan  PMF  equipments 
to  JTIDS  type  pulse  interference,  extensive  laboratory  and  flight  testing  has  been  com¬ 
pleted  to  further  validate  the  expected  performance. 

1.4  IFF  ACT KBS  COMPATIBILITY 

As  indicated  above,  the  new  ICNI/JTIDS  functions  are  introduced  in  only  a  ISO  MHz  por¬ 
tion  of  tin*  band.  These  signals  art*  intentionally  excluded  from  the  frequencies  ot  the 
existing  common  1FF/ATCRBS  channel  (1030  •  5  MHz  and  1090  *5  MHz).  This  was  done  since  the 
addition  of  tins  subband  would  not  significantly  increase  tin*  total  spectrum  available  to 
these  Lx  functions,  but  more  importantly,  because  the  common  channel  functions  of  identifi¬ 
cation  and  surveillance  are  presently  faced  with  problems  of  signal  saturat ion.  This  is 
partly  due  to  present  system  design  (transponder  systems  develop  "fruit"  as  a  function  ot 
the  square  of  the  number  of  participants)  and  partly  due  to  some  misuse  of  the  system.  The 
JTIDS  functions  winch  use  this  common  channel  subband  are,  therefore,  limited  to  and  com¬ 
patible  with  the  identification  surveillance  functions  which  now  exist  in  the  baud.  No  sig¬ 
nificant  increase  in  interference  is  generated. 

3.5  COMPATIBILITY  TESTING 

In  ailili  t  ion  to  iiiuilyt  \ y  determined  performance  capabilities  of  the  airborne  and 
surface  Tacan/DMK  and  IFF/ATCRBS  equipments,  extensive  laboratory  testing  has  been  completed 
to  further  validate  the  expected  performance. 

In  1974  under  the  U.S.  Navy's  Integrated  Tactical  Air  Control  System  (1TACS),  ITT 
Avionics  developed  demonstration  C-N  l  terminals  that  utilized  a  spread-spect rum,  frequency 
hopping  signal  structure  operating  in  Mu*  960  to  121r>  MHz  band.  Compat  ibi  1  i  t  y  testing  on 
both  airborne  and  surface*  Tacan  PME  equipments  and  airborne  IFF  t ransponders  was  conduc¬ 
ted.  The  results  indicated  that  negligible  levels  of  interference  were  caused  to  the 
equipments  under  test  by  the  high  levels  of  random  pulse  interference  from  the  two  ITACS 
terminals  even  when  operating  at  high  data  rates  (approx imut el y  60  kbps),  and  high  powet 
l  eve l s . 
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In  1975,  the  FAA  conducted  laboratory  tests  of  a  precision  DME  set  operating  in  the 
Lx-Band,  intended  for  use  with  MLS.  The  system  used  phase-coded  pulses  very  similar  to 
those  of  JTIDS,  but  without  frequency  hopping.  No  mutual  interference  effects  were  found. 

More  recently,  as  flight  worthy  JTIDS  terminals  became  available,  extensive  airborne 
testing  was  conducted.  During  these  tests,  FAA  certification  aircraft  (used  to  checkout 
airborne  and  surface  Tacan/DME  systems),  were  used  as  victim  equipments.  The  basic  testing 
involved  the  generation  of  JTIDS  pulse  traffic  at  various  levels  of  output  power  and  signal 
density.  This  simulated  range  differences  (power  level  variations)  and  data  rate  differ¬ 
ences  (signal  density  variations)  that  might  typically  be  encountered  by  conventionally 
equipped  platforms  operating  in  a  JTIDS  area. 

These  tests  were  conducted  under  carefully  controlled  conditions  and  involved  per¬ 
sonnel  from  the  FAA,  OTP  and  the  various  military  services.  The  results  validate  the  ex¬ 
pected  performance  and  show  that  the  JTIDS  signal  traffic  will  have  no  deleterious  effect 
on  existing  services. 

3.6  JTIDS  SUSCEPTIBILITY 

One  issue  of  spectrum  sharing  is  to  determine  the  effects  of  existing  Tacan/DME  and 
IFF/ATCRBS  signals  on  JTIDS  operation. 

3.6.1  Tacan/DME  Interference  Effects 

JTIDS  operates  with  high  levels  of  processing  gain  afforded  by  advanced  signal  proces¬ 
sing  techniques.  Even  for  those  cases  where  the  high-power  ground  station  (5  to  10  kW)  acts 
as  a  close-in  interfering  source  to  the  desired  far-out  signal,  the  JTIDS  architecture  has 
very  powerful  errata  correcting  capabilities  afforded  by  its  Reed-Solomon  error  correcting 
code.  Specifically,  over  50  percent  of  the  pulses  of  any  message  block  can  be  lost  and 
the  message  fully  recovered  by  the  code. 

In  summary,  we  see  that  the  JTIDS  signal  is  not  susceptible  to  Tacan/DME  interference 
for  all  practical  cases  of  interest. 

3.6.2  IFF/ATCRBS  Interference  Effects 

As  indicated  earlier,  the  JTIDS  system  excludes  the  IFF/ATCRBS  frequency  bands.  This 
will,  therefore,  preclude  any  levels  of  pulse  interference  from  reducing  JTIDS  performance. 


4.  CONCLUSIONS 

JTIDS/Integrated  CNI  operates  in  the  960  to  1215  MHz  portion  of  the  electromagnetic 
spectrum.  We  have  briefly  reviewed  the  general  and  specific  characteristics  of  candidate 
frequency  bands  and  shown  that  the  Lx-960  to  1215  MHz  portion  is  well  suited  to  ICNI/JTIDS 
application.  The  compatibility/susceptibility  of  the  JTIDS  versus  Tacan/DME  and  IFF/ATCRBS 
is  also  show-  to  be  acceptable. 

This  choice  portion  of  spectrum  is  already  internationally  allocated  to  navigation 
functions.  Within  some  broad  guidelines,  of  pseudo-radom  frequency  hopped  low  duty 
cycle  signal  structures,  it  can  be  effectively  time  shared  by  the  JTIDS  system  and  thereby 
afford  the  benefits  of  both  integrated  CNI  and  advanced  high  performance  JTIDS  applications. 

A  question  may  remain  as  to  whether,  if  JTIDS  is  fully  compatible  with  DME/Tacan, 

JTIDS  is  the  proper  system  to  help  "fill  up"  this  band,  perhaps  prelcuding  the  later  addi¬ 
tion  of  still  other  systems.  The  best  answer  to  this,  we  believe,  is  that  in  the  20  years 
since  international  agreement  was  reached  on  the  use  of  the  900  to  1215  MHz  band  no  other 
system  has  been  seriously  considered. 
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I.  Introduction 

The  ITIPS  signal  structure*  Is  the  product  of  many  engineering  hands  in  the  military  organizations 
as  well  as  the  Industrial  organizations.  The  ITIPS  signal  structure  represents  the  optimization 
of  a  waveform  design  against  man v  complex  and  interrelated  constraints.  The  ultimate  success  of 
the  system  will  be  measured  within  the  economic  constraint  of  performance  against  threat  for  the 
given  resources  invested. 

This  signal  structure  section  of  the  paper  will  describe  in  general  terms  a  hybrid  frequency 
hopping,  time  hopping,  and  direct  sequence  pseudo  noise  (PN)  spread  spectrum  system  for  commun  icat ion , 
navigation,  and  Identification  app 1 icat ions . 

These  appllcat  Ions  have  often  been  described  in  terms  of  ICNI  (Integrated  Common  Icat Ion ,  Naviga¬ 
tion  and  Identification)  systems.  A  few  words  of  orientation  are  provided  here  to  distinguish 
between  two  active  1CN1  concepts  which  directly  relate  to  the  design  constraints.  The  first  ICNI 
concept  is  referred  to  as  "waveform  ICNT"  and  relates  to  the  design  of  any  advanced  signalling 
structure  which  tnav  be  used  to  satisfy  data  transmission  needs,  (Cl  time  of  arrival  measurement 
needs  (N)  and  fine  synchronization  needs  (I)  in  one  integrated  design.  The  second  ICNI  concept 
Is  referred  to  as  the  "hardware  ICNI"  concept  and  has  to  do  with  a  given  set  of  radio  transceiver/ 
modem  hardware  processing  more  than  one  function.  For  example,  a  set  of  terminal  hardware  used 
to  process  both  ITIPS  and  TACAN  signals  in  the  1.x  (960  MHz  to  1215  MHz)  hand.  This  hardware  ICNI 
concept  is  an  extremely  important  one  which  is  needed  in  the  interim  era  between  older  system  phase 
out  and  new  system  Introduction.  It  represents  a  politico  -  engineering  solution  to  this  always 
present  problem. 

This  section  Is  divided  into  three  major  parts.  The  first  part  deals  with  the  primary  design 
constraints  placed  on  the  system  at  the  outset  of  the  waveform  design.  These  constraints  have 
been  classified  as  **lther  fundamental  bounds  or  requirements  bounds.  The  fundamental  bounds  are 
ones  which  occur  because  of  t echnolog ical  state-of-the-art  or  because  of  resource  hounds  such  as 
dollar  cost  or  frequency  spectrum.  The  requirement  bounds  occur  because  of  specifications  placed 
on  the  performance  of  the  system.  The  second  part  deals  with  some  primary  characteristics  of  the 
final  signal  structure  product  such  as  channel  coding,  data  modulation  and  RE  modulation.  The 
third  and  final  part  of  this  section  deals  with  other  important  signal  structure  concerns  for  .ITIPS. 

II.  Design  Constraints 
Fundament  a  1  Rounds 

The  bandwidth  available  for  implementation  of  the  signal  structure  was  chosen  for  reasons 
which  are  given  elsewhere.  Under  benign  operating  conditions  certain  parts  of  this  ’and 

are  excluded  from  transmission  and  reception  to  minimize  the  possibility  of  interference  with 
ATCRBS  (Air  Traffic  Control  Radar  Beacon  System  1010  MHz  and  1090  MHz.)  and  to  minimize  band  edge 
spillover.  The  effective  spread  spectrum  bandwidth  in  this  case  is  about  200  MHz.  Tills  large 
bandwidth  is  able  to  he  Included  in  the  .TT1DS  signal  structure  hv  utilizing  a  number  of  spread 
spectrum  techniques.  It  is  unlikely  that  a  direct  sequence  system  could  be  Implemented  over  this 
whole  frequency  range  using  active  correlators  which  would  meet  the  requirements  of  .ITIPS.  A  hybrid 
system,  on  the  other  hand,  which  combines  frequency  hopping  techniques  as  well  as  direct  sequence 
techniques  has  advantages.  The  noncoherent  frequency  hopping  found  in  .TT1DS  is  the  first  level 
of  spectrum  spreading.  This  frequency  hopping  provides  the  advantages  of  relatively  rapid  synchron¬ 
ization  and  nominal  multipath  immunity.  The  practical  consequence  of  this  approach  results  in 
a  pulsed  system  rather  than  a  GW  one. 

The  technology  available  to  do  passive  correlation  drives  the  time  bandwidth  (TR)  product 
to  he  used  in  the  pulse  compression  techniques.  From  the  cost  and  practicality  point  of  view 
it  is  always  good  to  have  at  least  one  mature  technology  available  to  do  pulse  compression.  In 
the  case  of  JT IDS  either  LSI  digital  correlators  or  surface  acoustic  wave  (SAW)  devices  may  be 
used  to  do  the  pulse  compression.  Two  other  technologies  may  soon  he  applicable  -  charge  coupled 
devices  and  SAW  convolvers. 

The  third  level  of  spectrum  spreading  employed  in  .ITIPS  is  referred  to  as  time  hopping. 

This  represents  a  technique  which  is  used  to  ensure  that  occurrences  of  various  .ITIPS  pulses  fall 
in  a  time  pattern  which  is  seen  as  random  and  unpredictable  by  a  non-member  of  the  system. 

The  total  cost  of  the  .TTTPS  hardware  is  minimized  by  employing  the  hardware  ICNI  concept. 

In  order  to  share  the  RE  power  amplifier  and  receiver  hardware  certain  conventional  function  modes 
must  be  retained  in  the  .ITIPS  hardware.  For  example,  the  pulse  envelope  shaping  for  TAGAN  and  the 
1  MHz  channelization  for  TAGAN  reception.  The  duty  factor  of  the  JT1PS  system  with  either  singlet 
or  doublet  pulses  (to  he  discussed  below)  is  higher  than  for  the  other  1.x  hand  pulsed  systems 
TACAN  and  IFF.  Hence,  the  .TTIPS  transmitter  may  be  shared  with  these  other  functions,  in  principle, 
at  no  average  power  duty  burden  on  the  transmitter  design. 
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In  a  hmign  env  lroument  ,  the  TACAN  and  ATCKBS  RK  activity  represent  a  a  pulse  not  He  background 
In  which  JTIDS  must  operate.  This  area  of  concern  for  the  JTll'S  signal  structure  design  has  been 
referred  to  as  "susceptibility"  and  has  to  do  with  t  lie  tolerance  of  ITll'S  to  the  In  hand  "friendly 
1 ansner" .  Suffice  It  to  say  that  the  JTIDS  frequency  hopping  and  data  encoding  prevent  the  interference 
Iron  effecting  the  performance  described  In  the  .TTll'S  spec  1  f  lcat  Ion . 

On  the  other  side  of  the  frequency  sharing  coin  is  the  concern  over  degrading  TA(*AN,  ATl’RHS 

or  IKK  services.  This  aiea  provided  one  of  the  strongest  design  bounds  lor  ITU'S  and  has  been 
referred  to  as  JTIDS  corapat ah  1 1 It v .  A  long  history  of  experimental  results  with  various  waveform 
pulse  candidates  has  resulted  In  the  molding  of  many  .ITll'S  parameters.  The  pulse  width  for 
JTIDS  has  been  arrived  at  for  a  number  of  reasons.  One  has  to  do  with  the  TAfAN  pulse  pair  decoding 
circuitry.  Certain  pulse  widths  were  tahoo  for  ITll'S  because  of  this  possible  interference  mode 
with  TACAN.  Another  reason  for  the  pulse  width  of  JTll'S  has  to  do  with  the  pulse  Instantaneous 
bandwidth  and  the  ability  to  measure  time  of  arrival  (TOA)  for  navigation  applications  and  achieve 
some  multipath  immunity.  The  number  of  PN  chips  in  the  pulse  which  is  tied  to  the  correlator 
time-bandwidth  ( TR)  product  Is  the  Important  thread  which  ties  all  t  lie  pulse  parameters  together. 

K Inal  1 v ,  the  RK  modulation  for  the  I’N  chips  of  the  pulse  was  chosen  to  he  cont Inuous-phase  shift 
modulation  (CPSM) .  This  mode  of  auadrlphase  modulation  Is  sometimes  referred  to  as  minimum  shift 

keying  (MSK)  and  Is  not  ed  for  l/f*  frequency  spectral  rolloff.  This  charact  er  1st  ic  of  the  JTll'S 

signal  structure  mitigates  against  in-hand  and  out-of-hand  Interference. 

Required  .Performance  Bounds 

A  message  error  rate  (MK.R)  and  a  false  message  acceptance  rate  (KMAR)  were  specified  as 
requirements  for  the  JTll'S  signal  structure.  Furthermore,  the  specified  levels  of  message  quality 
were  to  he  guaranteed  In  specified  Interference  environments.  This  ant l- jamming  margin  or  J/S 
(Jammer  power  to  signal  power)  is  a  quality  measure  which  has  been  continuously  employed  (along 
with  other  factors)  to  evaluate  tin*  various  predecessors  and  the  present  JTll'S  wavetomi.  It  Is 
Important ,  however,  to  note  that  most  quality  measures  do  not  completely  describe  a  given  system. 

In  the  case  of  JTIDS  the  final  measure  of  system  goodness  Is  the  measure  of  the  relative  total 
economic  burden  on  an  adversary  to  defeat  the  system  capability. 

The  quality  measures  for  message  reception  (MK.R  and  KMAR)  are  used  to  determine  the  required 
Kb/No  (energy  per  hit  per  noise  hertz  bandwidth).  The  probability  that  a  message  Is  received 
correctly  Is  dependent  on  the  probability  that  synchronization  is  acquired  and  the  probability 
that  data  within  the  message  Is  received  correct lv  given  that  synchronization  has  taken  place. 
Kvaluatlon  of  this  conditional  probability  equation  along  with  one  that  specifies  the  false  message 

acceptance  rate  is  routinely  done  to  determine  the  behavior  of  the  system  to  various  Jamming  strategies 

and  to  various  other  factors  such  as  Implementation  losses  or  receiver  sensitivity.  General lv, 
the  probabilities  are  budgeted  between  reading  synchronization  and  reading  data.  One  budget 

would  allow  the  probability  of  synchronization  to  decrease  and  the  probability  of  reading  data 

to  Increase  while  keeping  the  product  constant.  Originally,  the  budget  was  at  the  discretion 
of  the  JTll'S  system  designers  and  has  been  chosen  to  minimise  hardware  costs. 

Stringent  required  bounds  were  placed  on  the  JTll'S  signal  structure  to  accommodate  the  needs 
of  navigation  appl lcat Ions.  It  was  necessary  to  measure  time  of  arrival  very  accurately  to  guarantee 
successful  weapon  delivery.  The  JTIDS  TOA  fixes  of  own  position  against  others  or  against  beacons 
are  the  Inputs  to  navigation  algorithms  which  allow  the  accurate  computation  ol  relative  navigation 
coordinates  or  of  accurate  geodetic  coordinates  especially  when  used  in  conjunct  Ion  with  satellite 
navigation  systems.  If  the  TOA  accuracy  was  not  adequate  these  errors  could  propagate  In  the 
computations  to  result  In  unacceptable  position  coordinates.  The  JTll'S  signal  structure  allows 
a  refinement  to  convent  lonal  navigation  accuracy  of  an  order  of  magnitude. 

The  final  performance  requirement  to  he  discussed  here  is  the  time  sped!  led  to  acquire 
synchronization  of  the  system.  The  JTIDS  signal  structure  has  been  designed  to  statistically 
guarantee  acquisition  In  a  very  short  time.  The  authorized  entering  JTIDS  community  member  is  able 
to  program  his  JTIDS  hardware  to  receive  a  sequence  of  pulses  whose  energy  mav  he  summed  before 
detection.  In  one  mode,  accurate  RTT  (round  trip  timing)  messages  mav  he  exchanged  with  a  synchronized 
member  or,  in  another  mode,  navigation  informat (on  mav  be  used  for  passive  entrv . 

III.  JTIDS  Waveform  Characteristics 

frequency /T ime/Aut ocorrelat Ion  Doma 1 n  Proper! les 

The  power  spectral  density  of  the  composite  JTIDS  signal  structure  (or  the  JTll'S  signature) 
is  optimized  in  the  sense  that  it  has  been  made  as  uniform  as  pract leal .  The  PN  spreading,  frequency 
hopping,  and  time  hopping  cause  the  autocorrelat  ion  function  of  the  JTIDS  signal  to  he  substantially 
impulse-like  and  hence  results  in  a  flat  power  spectral  density.  If  the  power  spectral  density 
of  a  spread  spectrum  system  is  "colored"  In  any  way,  it  represents  a  potential  strategy  for  an 
adversary  to  undertake.  The  Jamming  strategy  would  include  matching  to  this  colored  power  spectral 
density.  This  subject  is  further  discussed  under  the  "optimum  jammer"  section  below. 

Channel  Coding  and  Data  Modulation 

The  JTIDS  signal  structure  employs  concatenated  encoding  to’  satisfy  the  many  design  constraints 
mentioned  in  Part  II.  The  inner  most  coding  is  that  ot  a  ’  ary  alphabet  implemented  with  cyclic 
code  shift  keying  (CCSK) .  A  special  code  called  the  data  or  So  code  Is  arranged  in  anv  one  of 
phase  positions  to  designate  the  V  members  of  the  alphabet.  The  task  at  the  detector  is  to 
decide  which  character  was  sent.  The  detector  may  he  a  maximum  likelihood  one  in  which  V  eompat Isons 
are  made  or  the  detector  could  he  implemented  simply  with  threshold  detection  circuitry.  A  double 
length  SAW  correlat  '«•  may  he  used  as  a  data  decoder,  for  example. 
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The  next  level  of  data  encoding  has  to  do  with  implementing  a  long  block  code  used  for  residual 
data  error  detection  capability. 

The  next  higher  level  of  encoding  is  the  use  of  a  Reed  Solomon  32'  ary  block  code.  The 
Reed  bolomon  code  capability  is  directly  related  to  the  use  of  a  32'  ary  alphabet  in  the  channel . 

The  Reed  Solomon  code  in  JTIDS  is  a  character  correcting  (vs.  bit  error  correcting)  code  whose 
performance  is  achieved  when  matched  to  a  channel  which  produces  the  corresponding  character 
errors  and/or  character  erasures.  (The  erasure  mode  or  no  decision  mode  at  the  detector  yields 
substantial  performance  improvement  over  decoding  without  erasures.) 

The  Reed  Solomon  code  used  in  JTIDS  is  a  BCH  (Bose  Chaudhuri  Hocquenghen)  code  which,  for 
a  given  code  rate  (e.g.,  1/2),  alphabet  size  (e.g.,  32'  ary)  and  block  size  (e.g.,  15  information 
characters)  represents  a  perfect  code.  That  is,  there  can  be  no  better  performing  block  code. 

The  Reed  Solomon  encoder  adds  code  characters  to  the  information  characters  and  protects  the  infor¬ 
mation  in  a  systematic  block  code.  Thus,  if  desired,  the  information  characters  can  be  directly 
recovered  without  the  use  of  a  decoder.  Tn  a  benign  environment  an  austere  or  special  mode  (e.g., 
degraded)  user  can  receive  and  read  Reed  Solomon  encoded  messages  without  decoding.  Concealment 
of  information  by  encryption  is  a  separate  and  optional  operation. 

The  Reed  Solomon  code  provides  maximum  error  correction  capability.  An  error  occurs  when 
one  character  is  transmitted  and  the  receiver  erroneously  decides  that  another  character  was 
received.  In  the  JTIDS  code,  15  information  characters  are  protected  with  16  parity  characters 
for  a  total  block  size  of  31  cliaracters.  Practical  operations  are  not  confined  to  cases  with 
all  errors  or  all  erasures  but  with  combinations  of  errors  and  erasures  collectively  called 
errata.  As  long  as  the  sum  of  any  combination  of  erasures  and  twice  the  errors  is  less  than 
or  equal  to  16  the  correct  information  will  be  recovered. 

Erasures  occur  for  the  following  types  of  events.  Transmitter  erasures  occur  when  character 
reception  is  prevented  due  to  coincident  transmitter  triggered  blanking.  In  this  case,  no  reception 
occurs,  no  decision  is  possible  and  declaration  of  erasure  is  the  proper  action.  Receiver  erasures, 
on  the  other  hand,  occur  when  character  reception  is  prevented  due  to  other  coincident  receptions 
on  other  frequencies  which  occupy  available  receiver  channels.  Again,  no  reception  occurs,  no 
decision  is  possible,  and  declaration  of  erasures  is  the  proper  action.  The  final  erasure  type 
is  the  interference  type  and  occurs  when  RF  interference  significantly  reduces  the  probability 
of  correct  decisions.  Since  the  JTIDS  Reed  Solomon  decoder  can  correct  twice  as  many  erasures 
as  errors  there  is  value  in  providing  erasure  detection  capability. 

The  described  erasure  correction  capability  and  associated  32'  ary  modulation  are  critical 
to  multi-net  operations.  The  capacity  of  a  multi-net  system  is  based  on  both  the  level  of  mutual 
interference  generated  and  the  ability  to  tolerate  such  interference.  For  any  scenario  of  geo¬ 
graphic  distribution  of  data  sources  and  data  rates,  all  types  of  mutual  interference  are  inversely 
proportional  to  the  number  of  bits  per  pulse.  It  is  fact  that  the  total  JTIDS  mutual  interference 
effects  represent  only  a  fraction  of  the  total  interference  budget. 

The  Reed  Solomon  (31,15)  code  coupled  with  the  32'  ary  data  modulation  are  important  for 
TACAN  mutual  compatibility,  related  system  capacity  and  TOA  accuracy.  For  any  given  data  rate 
and  pulse  dimensions,  JTIDS  interference  to  TACAN  receivers  is  inversely  related  to  the  number 
of  bits  per  pulse.  Similarly,  for  any  given  pulse  dimensions  the  Reed  Solomon  encoder/decoder 
can  tolerate  the  interference  from  TACAN  transmitters.  If  interference  tolerance  is  limited,  the 
system  bandwidth  must  be  limited.  However,  the  ability  of  a  signal  structure  to  produce  accurate 
TOA  measurements  (especially  in  a  multipath  environment)  is  directly  related  to  pulse  bandwidth. 

Thus,  all  other  things  being  equal,  the  higher  tolerance  of  Reed  Solomon  coding  allows  a  system 
to  employ  wider  bandwidth  pulses  in  a  TACAN  or  pulse  interference  environment  and  produce  correspond¬ 
ingly  higher  TOA  accuracies  for  navigation,  relative  navigation,  and/or  platform  control.  Furthermor 
the  Reed  Solomon  code  is  not  sensitive  to  burst  errors  but  only  to  the  total  errata  in  a  block. 

Certain  JTIDS  operations  involve  the  recognition  of  short  addressed  interrogation  messages 
and  the  immediate  generation  of  a  reply  so  that  the  total  round  trip  operation  is  completed 
within  one  time  slot.  This  is  accomplished  by  including  along  with  the  main  block  decoder  algorithms 
a  simple  block  recoginizer  algorithm  which  is  channel  programmed  to  recognize  the  specific  short 
message  composed  of  own  address  and  appropriate  interrogation  label. 

One  further  encoding  scheme  is  used  in  JTIDS  to  ensure  that  time  domain  characteristics  of 
the  signal  structure  are  optimized  against  burst  jamming  strategies.  Interleaving  is  employed 
to  scramble  the  time  channel  position  of  characters  of  multiple  code  blocks  in  longer  messages 
just  before  transmitting  and  interleaving  is  employed  to  descramble  just  after  buffered  message 
reception. 

IV.  Other  Concerns  Addressed  by  the  JTIDS  Signal  Structure 

The  "optimum  jammer"  concept  is  one  which  recognizes  the  ability  of  an  adversary  to  obtain 
system  parameters  through  dedicated  measurements.  The  jamming  margin  against  this  dedicated 
jammer  is  computed  by  conceptually  allowing  the  jammer  all  knowledge  of  the  spread  spectrum  design 
parameters  except  for  parameters  assigned  cryptographically  to  the  system  on  a  periodic  basis. 
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JTIDS:  HARDWARE  DEVELOPMENT 


David  A.  Herrelko,  Captain,  USAF 
JTIDS  Joint  Program  Office 
Electronic  Systems  Division 
Hanscom  Air  Force  Base,  Massachusetts 


The  integrated  communication,  navigation,  and  identification  features  of  JTIDS  will 
serve  as  a  force  multiplier  to  the  tactical  arms  of  the  Army,  Navy,  Marine  Corps,  and 
Air  Force.  The  expected  requirements  of  the  Services  and  of  allied  nations  will  include 
installation  on  fighter,  cargo,  and  command/control  aircraft;  on  ships;  on  tracked 
vehicles;  and  at  fixed  bases.  Installations  will  occur  in  many  cases  on  a  retrofit 
basis,  and  must  disturb  the  existing  weapon  systems  and  C^  systems  as  little  as  possible. 

Given  the  evolution  of  JTIDS  described  by  Mr.  Vaughn  earlier  in  this  AGARDograph, 
and  given  the  array  of  installations  and  missions  for  which  JTIDS  is  a  candidate,  it  is 
prudent  to  employ  a  sequenced  development  program.  The  classical  unimodal  diagram  of  a 
program  life  cycle  cannot  apply  here;  rather,  JTIDS  must  evolve  in  an  overlapping  con¬ 
tinuum  of  developments.  An  ordered  cascade  of  projects — each  of  which  is  keyed  to  a 
technology,  a  platform,  a  mission  application,  or  an  enhancement — must  be  undertaken. 
Throughout  these  multiple  developments,  the  JTIDS  procurement  policy  is  to  encourage 
competition,  to  "try  before  fly”,  and  to  "fly  before  buy". 

JTIDS  will  be  developed  in  two  major  phases.  Phase  1  will  include  full-scale  devel¬ 
opment  of  the  basic  information  distribution  system,  with  added  capabilities  for  rela¬ 
tive  navigation,  and  digital  voice  capability.  It  is  designed  to  provide  hardware  for 
implementation  in  the  early  1980's.  As  pointed  out  in  Mr.  Eisenberg's  system  overview, 
certain  limitations  are  inherent  in  Phase  I,  and  these  will  be  addressed  in  Phase  II. 

The  research,  development,  and  experimentation  of  Phase  II  ,is  intended  to  alleviate 
many  of  the  limitations,  and  to  incorporate  other  capabilities  useful  in  a  tactical 
environment. 

Beyond  actual  terminal  development,  the  JTIDS  JPO  is  pursuing  a  number  of  technical 
investigations  that,  while  not  central  to  precision  navigation,  are  of  great  importance 
in  exploiting  fully  the  powers  of  JTIDS.  Among  these  interest  areas  are  digital  voice, 
error  detection  and  correction,  data  encryption,  surface  acoustic  wave  devices,  elec¬ 
tron  bombarded  semiconductors,  power  amplifier  modules,  and  adaptive  nulling  antennas. 


In  the  papers  that  follow,  major  JTIDS  contractors  discuss  their  approaches  and 
achievements  in  hardware  development  aimed  at  the  Phase  I  and  Phase  II  requirements. 


COMMAND  AND  CONTROL  TERMINALS 


Ara  N  Boyajian 
Hughes  Aircraft  Company 
PO  Box  3310 
Fullerton,  CA  92634 


.1T1DS  r  i' r  in  Inal  developments  at  Hughes  Aircraft  Company  have  progressed  through  three  equipment  configu¬ 
rations  commencing  with  the  development  of  "A"  waveform  TDM  A  Terminals  for  the  E-3A  Airborne  Warning  and  Con¬ 
trol  system.  The  second  major  Terminal  Development  effort  was  the  conversion  of  the  "A"  waveform  Terminals  to 
the  "H"  waveform  configuration  which  was  adopted  as  the  .ITIDS  standard  signal  structure  subsequent  to  the  TDM  A 
contract  award.  Additional  development  efforts  Incorporating  functional  Improvements  and  the  use  of  more  advanced 
technology  resulted  In  third  generation  equipments,  the  Hughes  Improved  Terminal  (HIT).  The  following  discussion 
briefly  describes  these  configurations  and  this  progression  In  the  maturing  process  of  the  JTIDS  through 
January  197s. 

TDM  A  for  E-3A  (Radio  Set  AN/ARC-1H1) 

Hughes  Aircraft  Company  was  contracted  In  September  1974  to  develop  Command  and  Control  Class  I  TDM  A 
Terminals  for  Integration  Into  the  E-3A  AWACS  Aircraft.  The  award  was  the  result  of  a  competition  for  pre- 
production  equipments  based  on  a  minimum  cost  approach  utilizing  state-of-the-art  technology  with  size  and  weight 
considerations  having  secondary  Importance.  Component  development  efforts  were  constrained  to  only  the  high 
power  transistors. 

Laboratory  testing  at  Hughes  Aircraft  Company  which  preceded  equipment  deliveries  consisted  of  performance 
tests  for  engineering  design  verification  and  acceptance,  pre-qualification  safety  of  flight  tests,  and  compatibility 
tests  with  Air  Traffic  Control  equipment  (airborne  TACAN'DME,  ground  beacons,  and  IFF  interrogators/ 
transponders).  Terminal  acceptance  tests  verified  terminal  functional  operation,  operator  Interfaces.  Initialization 
and  transmitter  operation  (power  output,  frequency  and  spectrum).  Network  level  testing  verified  the  performance 
of  the  terminal  operating  in  a  two-terminal  network.  Specific  tests  included: 

•  Net  entry  and  synchronization  in  all  modes 

•  Message  processing  and  through-put 

•  Sensitivity  (Minimum  Dlscemable  Signal) 

•  Receiver  dynamic  range 

•  Anti-Jam  margin 

All  primary  system  performance  requirements,  pre-qualification  tests  and  compatibility  tests  were  successfully 
verified. 

Initial  equipment  deliveries  were  made  to  the  Hoeing  Aerospace  Company  In  January  1977  for  integration  Into 
their  Development  Integration  Test  Facility  at  Seattle  for  software  verification  and  operability  testing.  Additional 
terminals  were  delivered  to  Hoeing  in  June  1977  for  installation  on  the  E-3A  test  system  aircraft  and  a  government 
furnished  NKC-135  aircraft  for  ground  radiation  and  flight  testing. 

An  extensive  flight  test  program  was  successfully  concluded  in  September  1977.  These  tests  conducted  by  the 
Hoeing  Aerospace  Company  demonstrated  the  operability  of  TDM  A  In  the  E-3A  in  air-to-air.  air-to-ground,  and  a  I  r- 
to-air-to-ground  (relay)  scenarios.  The  flight  test  program  consisted  of  twenty-four  flights  demonstrating  TDM  A 
performance.  The  measured  system  performance  Indicated  that  there  Is  sufficient  link  margin  to  ensure  that  the 
specified  performance  is  attained  In  all  modes  of  operation  in  the  AWACS  environment.  All  test  objectives  and  per¬ 
formance  criteria  were  met  or  exceeded  without  any  system  failures  in  flight  with  over  200  hours  of  airborne  opera¬ 
tion.  The  observed  reliability  of  the  TDM  A  system  in  over  7500  hours  of  operation  at  Hoeing  exceeded  specification 
requirements.  The  following  listing  summarizes  these  flight  tests. 

•  Three  terminal  network  operation  demonstrated 

•  Relay  operations  over  500  mile  range  demonstrated 

•  Ability  to  time  shift  a  network  demonstrated 

•  Network  flexibility  demonstrated  -  no  advance  or  current  knowledge  about  other  users  In  network  Is 
required  for  entry 

•  War.n  up  time  for  master  and  user  terminals  for  transmit  and  receive  determined 

•  Double  pulse  signal  structure  vs  single  pulse  performance  evaluated 

•  Performance  in  turns  evaluated  In  both  hi  and  lo  power  modes 

—  Demonstrated  that  link  performance  meets  specification  requirements 
-  Limited  engineering  data  obtained  for  greater  angles  of  bank 

At  the  completion  of  the  Flight  Test  Program  all  of  the  "A"  waveform  terminals  were  returned  to  Hughes  for 
modification  to  the  "R"  waveform  configuration.  The  first  two  "B"  waveform  Terminals  were  delivered  to  Hoeing  in 
January  1978. 

System  Configuration 

Figure  I  shows  the  units  that  comprise  the  AWACS  TDMA  configuration  and  the  inter-relationship  between  the 
units.  The  system  was  developed  for  operation  in  either  a  high  power  or  low  power  mode,  radiating  through  either  of 
two  antennas  or  simultaneously  through  both. 

The  Digital  Computer  or  Communications  Processor  is  an  IBM  AP-1A  general  purpose  computer  which 
interfaces  with  the  AWACS  central  computer.  It  controls  the  terminal  operation  and  performs  ail  terminal 
processing  functions.  It  monitors  and  controls  system  self-test  functions  with  an  external  data  recording 
system,  and  provides  for  information  exchange  with  the  Radio  Set  Control. 

The  Radio  Set  Control  which  comprises  the  man /machine  interface  provides  for  operator  terminal  initial¬ 
ization,  power  control,  and  fault  isolation. 
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Figure  I.  Radio  Set  AN/ARC 181 


The  Signal  Data  Converter  interchanges  messages  with  the  Digital  Computer,  provides  for  error  correc¬ 
tion  encoding  and  decoding,  performs  spectrum  spreading  on  the  messages,  and  modulates/demodulates  the 
data.  It  also  generates  acquisition  preambles  for  transmission  and  correlates  received  preambles,  and  houses 
and  interfaces  with  a  Secure  Data  Unit  subassembly.  The  Secure  Data  Unit,  designed  and  developed  by  Hughes 
Aircraft  Company  for  the  E-3A  program,  is  utilized  for  all  JTIDS  developmental  applications. 

The  Transmitter/Heceiver  accepts  outgoing  messages  from  the  Signal  Data  Converter,  up-converts  them 
to  L  band  and  provides  r,  t.  power  amplification  for  output  to  the  antenna(s).  On  the  receiver  side  it  receives 
incoming  signals,  demodulates  the  acquisition  preamble,  down  converts  the  data  portion  of  each  mess;  ;e,  and 
outputs  it  to  the  Signal  Data  Converter, 

The  Antenna  Coupler  provides  r.f.  coupling  to  one  or  two  omnidirectional  antennas.  In  addition,  r.f.  filter¬ 
ing  for  in-band  and  out  of  band  emissions  is  provided. 

The  Low  Voltage  Power  Supply  accepts  3  phase  400  Hz  prime  power  and  converts  it  to  the  appropriate 
d.c.  voltages  for  the  terminal. 

The  High  Power  Amplifier  provides  a  higher  r.f.  power  output  than  is  available  from  the  TR.  Associated 
with  the  High  Power  Amplifier  is  the  High  Voltage  Power  Supply  which  concerts  3  phase  400  Hz  to  the  appro¬ 
priate  d.c.  voltages. 

The  pre-amplifiers  provided  for  E-3A  include  two  each  Radio  Frequency  Amplifiers  which  provide  low 
noise  pre-amplification  of  the  receive  signals  and  one  each  Radio  Frequency  Coupler  which  combines  receive 
signals. 

Differences  between  the  "A"  and  "  B"  waveform  terminal  configuration  are  reflected  in  the  Signal  Data  Con¬ 
verter  and  Receiver/Transmitter  units.  All  other  units  are  unmodified  and  are  compatible  with  either  configuration. 
Aside  from  the  different  waveform  signal  structure,  the  "B”  waveform  terminal  is  implemented  with  a  Hughes  devel¬ 
oped  Reed-Solomon  encoding/decoding  device  for  forward  error  correction  utilizing  a  32 -ary  code  operating  at  a  5  MHz 
chip  rate.  The  "A"  waveform  terminal  utilized  a  Viterbi  encoding/decoding  device  employing  an  8-ary  code  operating 
at  a  3  MHz  chip  rate.  Both  configurations  were  implemented  for  selectable  operation  with  either  the  single-pulse  or 
double-pulse  signal  structure  with  redundant  information  carried  in  the  second  pulse.  Anti-Jam  protection  is  provided 
through  the  incorporation  of  several  techniques  which  apply  to  both  the  "A"  and  "B"  waveform  terminals. 


Hughes  Improved  Terminal  (HIT) 

The  Hughes  Improved  Terminal  is  an  outgrowth  of  Company  funded  development  efforts  which  resulted  in  a  new 
generation  reduced  size  JTIDS  Terminal .  The  Hughes  Improved  Terminal  retains  all  of  the  features  and  performance 
characteristics  of  the  Class  I  Terminal  used  in  the  E-3A  but  with  the  utilization  of  superior  technology  which  allowed 
for  the  physical  compression.  Hughes  is  currently  under  contract  for  delivery  of  HIT  Terminals  to  ESD  commencing 
in  mid  1978.  The  first  three  terminals,  Engineering  Development  Models,  are  currently  in  laboratory  testing  at  Hughes 
undergoing  system  functional  and  performance  tests.  Follow-on  HIT  Terminals  are  being  manufactured  in  Hughes  pro¬ 
duction  facilities  with  initial  deliveries  commencing  in  the  Spring  of  1979. 


System  Configuration 


The  Hughes  Improved  Terminal  consisting  of  a  Transceiver-Processor  unit  and  a  Low  Power  Amplifier/Power 
Supply  Is  shown  pictorially  in  Figure  2,  and  in  the  functional  block  diagram  of  Figure  3,  along  with  the  optional  units 


which  comprise  a  full-up  terminal  for  E-3A  applications.  The  RF  out|)ut 'Input  of  the  terminal  Is  at  an  Anti  nn:i  Inter 
face  unit  through  HF  cable  connections  to  the  system  antennas.  At  the  opposite  end  of  the  terminal,  the  inputs  and 
outputs  are  through  an  Interface  Adapter  Unit,  an  I/O  Multiplexer  Bus,  and  the  Unformatted  Message  Element.  An 
operator  Interface  Is  available  through  the  Radio  Set  Control,  Interfaces  to  a  Recorder/Reproducer  are  also 
provided. 

The  Transceiver /Processor  Unit  is  comprised  of  a  Communications  Processor,  Signal  Processor  and 
Transmitter  Iteceiver  which  jierform  all  of  the  functions  of  the  Digital  Computer,  Signal  Data  Converter  and 
Transmitter  Receiver  of  the  E-3A  TDMA  Terminal  (AM/AltC-181).  These  functions  are  integrated  in  a  single  unit 
taking  advantage  of  miniaturization  and  eliminating  the  volume  of  two  additional  enclosures  and  interfacing  cabling. 
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Figure  3.  Hughes  Improved  Terminal  Functional  Block  Diagram 


■ 


The  Communications  Processor  Is  :m  advanced  version  of  the  Hughes-developed  IIM P-1 110  mini-computer 
which  offers  the  advantages  of  an  established  architecture  with  high  performance  and  wel.  developed  support  software, 
l’he  IIM  P-1110  Communications  Processor  is  a  10-bit  microprocessor  with  a  32-bit  Arithmetic  Logic  Unit  and  a  full 
set  of  double  precision  instructions  in  the  re|>ertoire.  The  microprogram  memory  capacity  is  151  instructions.  The 
11 M P-11 10  utilizes  the  newest  LSI  semiconductor  devices  with  many  performance  features  included  as  standard  (float¬ 
ing  point  arithmetic,  byte  handling,  list  processing  instructions,  privileged  operating  modes,  and  memory  parity). 

The  Low  Power  Amplifier  and  the  Low  Voltage  Power  Supply  are  contained  in  one  enclosure  which  comprises 
the  second  unit  of  the  HIT.  The  I.ow  Voltage  Power  Supply  converts  the  prime  AC  power  into  DC  power  for  use  by  all 
three  elements  in  the  Transceiver-Processor  Unit  and  the  i.ow  Power  Amplifier. 


The  Hughes  Improved  Terminal  is  implemented  for  the  waveform  B  signal  structure,  which  is  compatible  with 
the  basic  TDMA  network  architecture  and  time-ordered  structure.  The  B  waveform  structure  in  HIT  is  selectable  as 
either  the  single-pulse  type  2B  or  double— pulse  type  3B,  A  Heed-Solomon  encoder  is  used  for  forward  error  correc¬ 
tion  coding,  in  the  HIT  implementation,  each  data  symbol  represents  5  bits  in  the  form  of  a  byte.  A  32-ary  modula¬ 
tion  is  employed,  wherein  32  distinct  symbols  of  32  bits  each  comprise  the  alphabet  employed  by  the  terminal.  The 
32-ary  symbols  are  transmitted  at  a  rate  of  5  megabits  per  second. 


Technology  Improvements 


The  following  areas  of  technology  improvements  are  cited  as  examples  of  JTIDS  related  developments. 

Error  Detection  and  Correction  -  The  terminal  uses  Keed-Solomon  error  detection  and  correction,  which  has  previ¬ 
ously  required  significantly  large  computer  capability  to  perform  in  quasi-real  time.  A  hardware  encoder-decoder 
using  catalog  LSI  has  been  developed,  and  requires  only  4  (5-1/2"  x  5-1/2")  cards. 

Surface  Acoustic  Wave  Devices  -  S.A.  W.  filters  have  been  fabricated  at  315  MHz  which  provide  the  rapid  roll  off 
required  to  achieve  the  necessary  JTIDS  spectral  characteristics.  These  single  component  devices  replace  the  exten¬ 
sive  filtering  required  by  conventional  techniques. 

L-Band  Power  Amplifiers  -  Since  jam  resistance  is  proportional  to  transmitter  power,  the  maximum  practical  output 
is  desired.  An  all  solid  amplifier  generates  more  than  1600  watts  (at  20%  duty)  over  a  250  MHz  bandwidth  This 
exceeds  the  bandwidth  achievable  with  gridded  tubes,  and  is  smaller  than  L-Band  TWT's  previously  needed  to  obtain 
such  power. 


TACTICAL  TERMINALS 
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The  Hughes  Improved  Terminal  (HIT),  described  previously  in  Section  IVD(l)a,  provides  high  anti-jam  and 
processing  capability  in  a  Terminal  applicable  to  Tactical  applications.  The  HIT  was  the  result  of  Hughes  development 
efforts  to  reduce  the  physical  size  of  the  larger  E-3A  (AWACS)  Command  and  Control  Terminals  while  retaining  its 
full  performance  characteristics.  As  previously  mentioned,  the  first  three  Engineering  Development  Model  Terminals 
are  currently  in  laboratory  testing  at  Hughes  undergoing  system  functional  and  performance  tests.  The  follow-on 
Hughes  Improved  Terminals  are  being  manufactured  in  Hughes  production  facilities  with  initial  deliveries  commencing 
in  the  spring  of  1979. 

The  utilization  of  the  HIT  in  either  a  Tactical  or  Command  and  Control  application  is  determined  by  the  HF 
power  levels  that  are  radiated  and  the  degree  of  man-machine  interaction  required.  The  Transceiver- Processor  Unit 
of  the  HIT  with  its  Low  Power  Amplifier/ Power  Supply  Unit  and  appropriate  controls  and  displays  represents  a  Tacti¬ 
cal  Terminal  configuration  (Figure  1).  The  addition  of  a  High  Power  Amplifier  and  Power  Supply;  and  integration  with 
Command  and  Control  Displays  and  Controls  converts  the  HIT  for  Command  applications.  If  additional  Navigation  and 
Identification  functions  such  as  TACAN,  IFF  or  GPS  terminal  functions  are  integrated  within  the  Tactical  Terminals, 
the  differences  between  Class  I  and  Class  II  Terminals  become  more  pronounced. 

The  HIT  has  been  considered  for  a  Tactical  flight  demonstration  program  on  the  F-15A  aircraft  and  for  cert;dn 
other  test  programs  where  the  physical  constraints  are  not  severe.  It  is  anticipated  that  a  derivative  of  the  Hughes 
Improved  Terminal  would  be  configured  as  a  candidate  for  a  Full  Scale  Development  program.  A  Full  Scale  Develop- 


Figure  1.  Hughes  Improved  Terminal,  Tactical  Configuration 


Figure  2.  Functional  Block  Diagram,  Baseline  System 


\ : 


men!  JTIDS  China  2  implementation  would  require  further  si/e  reductions  in  the  HIT  along  with  the  incorporation  of 
additional  functions  and  unique  interfaces  that  would  lie  specified.  If  s|»eoified,  an  expanded  o|ierutional  capability  can 
lx*  provided  through  modifications  of  the  basic  TOMA  system  to  provide  higher  data  capacity  and  flexible  message 
formats.  These  modifications,  which  have  been  defined  and  evaluated,  would  provide  Class  2  ATDMA  capability  with 
relatively  low-  risk. 

The  block  diagram  of  Figure  2  shows  a  baseline  Terminal  with  a  Radio  Set  Control  and  an  interface  with  a 
M1I.-STD-1553  multiplex  bus  that  most  of  the  advanced  platform  Avionics  will  utilize.  For  those  platforms  that  do 
not  have  a  1553  interface,  the  flexibility  exists  for  the  inclusion  of  an  appropriate  interface  module  within  the  termi¬ 
nal,  thus  precluding  the  need  for  tin  additional  interface  unit. 


AN/URQ-28  JTXDS  CLASS  2  TACTICAL  TERMINAL 


R.  AUGHEY  -  G.  SOLOWEY 

The  Singer  Company 
Kearfott  Division 
150  Totowa  Road 
Wayne,  New  Jersey  07470 


General 


The  JTIDS  Tactical  Aircraft  Terminal  AN/URQ-28  provides  a  low-detectability,  crypto¬ 
graphically  secure,  anti-jam,  integrated  communication  and  relative  navigation  system 
within  the  Receiver-Transmitter  housed  in  one  1  1/4  ATR  case,  suitable  for  military  air¬ 
craft.  The  system  can  operate  in  a  mix  of  airborne,  fixed  wing  and  rotary  wing,  sea 
based  and  ground  based  vehicles.  The  AN/URO-28  provides  a  nodeless,  time  ordered  (TDMA) 
two-way,  high  capacity  digital  data  link  for  real  time  communication  between  all  community 
members.  The  Terminal  also  provides  high  accuracy  relative  navigation  in  both  active  and 
passive  modes.  Automatic  identification  of  all  community  members  is  provided  by  pre¬ 
determined  specific  time  slot  assignments .  The  AN/URO-28  has  been  designed  in  accordance 
with  JTIDS  2B  Waveform  signal  structure  specification.  Some  of  the  major  performance 
characteristics  of  the  AN/URQ-C8  are  presented  in  Table  1. 

AN/URO-28  Description 

TACAN/TDMA  Common  Circuit  Design 

The  evolutionary  design  concept  of  the  AN/URQ-28  is  exemplified  by  provisions  for  the 
substitution  of  the  terminal  in  place  of  an  AN-ARN-52  or  AN/ARN-84  TACAN  set  in  a 
military  aircraft  thereby  keeping  the  full  TACAN  capability  and  adding  the  communication 
and  relative  navigation  functions  of  the  AN/URO-28. 

In  order  to  provide  these  multiple  functions  in  a  1  1/4  ATR  case  Singer-Kear fott  has 
achieved  a  unique,  Kalman  filter  hardware/software  design  approach  to  the  TACAN  and  TDMA 
relative  navigation  functions  with  significantly  reduced  hardware  complexity. 

Additionally,  extensive  use  of  the  following  common  hardware  circuitry  for  TACAN  and  TDMA 
function  has  been  made  to  reduce  weight  and  volume. 


TACAN/TDMA  Common  Circuits 

i . 

Antenna 

2. 

Antenna  Switch 

3. 

Protective  Limiter 

4  . 

Tunable  Filters 

5. 

RF  Preamplifier 

6. 

Mixers 

7. 

Frequency  Synthesizer 

8. 

Computer/Signal  Processor 

The  AN/URQ-28  terminal  overall  block  diagram  is  shown  in  Figure  1.  The  terminal  consists 
of  a  multi-function  transceiver  and  signal  processor  plus  an  external  RF  spectrum  control 
filter  (notched  at  1030  and  1090  mhz  to  prevent  IFF  interference)  and  a  cockpit  mounted 
Mode  Control  Unit  (MCU) .  Also  shown  in  Figure  1  is  the  Control  Display  Unit.  This 
support  equipment  will  be  eliminated  for  those  aircraft  installations  where  an  integrated 
control  system  already  exists. 


TABLE  I 

AN/URQ-28  PERFORMANCE  CHARACTERISTICS 


RF  PEAK  POWER  OUTPUT: 

FREQUENCY  BAND: 

MODULATION: 

COMMUNICATION  CAPACITY: 

DATA  MODULATION: 

OPERATING  RANGE: 

CRYPTOGRAPHY : 

TIME  SLOT  DURATION: 

SYSTEM  CYCLE: 

EPOCH : 

MESSAGE  TYPES :  1 . 

2. 

3. 

4. 

ANTENNA: 

RELAY  CAPABILITY: 

ERROR  DETECTION  &  CORRECTION: 

TACAN  PERFORMANCE: 


800  or  120  Watts  (Solid  State) 

960-1215  MHz  (Notches  at  1030  t.  1090  MHz) 
CPSM  (Controlled  Phase  Shift  Modulation) 
57,000  Bits/Soc 
32  ARY 

300  NM  LOS  -  500  NM  with  Relay 
NSA  Compatible 
7.8125  msec 

1536  Slots  (12  Seconds) 

64  Cycles 

Formatted 

Free  Text  Coded 

Free  Text  Uncoded 

RTT  (Round  Trip  Timing) 

1/4  Wave  Mono-pole  Omni  Directional 
Automatic 

RSED  31-15  (Reed-Solomon  Encoder/Decoder) 
Equal  to  or  Better  than  the  AN/ARN-84 
TACAN 


TABLE  I  (Cont'd) 


<t  : 


AN/URO-28  PERFORMANCE  CHARACTERISTICS 

OPERATIONAL  MODES: 

MODE  I 
MODE  2 
MODE  3 
MODE  4 
TDMA/TACAN : 


TDMA  NETS : 


Pa ssive  Opera t ion : 

Terminal  is  capable  of  receiving  and  processing  messages  for  up  to  12  hours  without  time 
updates . 

B 1 ock  Diagra m  Descriptio n 

A  simplified  block  diagram  of  the  AN/URQ-28  Receiver-Transmitter  is  shown  in  Figure  2. 

Two  independent  super  heterodyne  receiver  chains  are  incorporated  in  the  terminal.  These 
receivers  can  be  used  for  two  simultaneous  TDMA  channels  or  one  simultaneous  TDMA  and  one 
TACAN  channel.  The  TDMA  channels  are  single  conversion  and  the  TACAN  channel  employs  dual 
conversion.  The  TDMA  channels  employ  RE  gain,  tunable  RF  filters,  wide-band  double 
balanced  mixers,  linear-limiting  IF  amplifiers,  and  programmable  surface  acoustic  wave 
(SAW)  correlators.  TOA  and  data  detection  employ  both  automatic  and  computer  controlled 
(adaptive)  threshold  levels. 

The  Transmitter  Exciter  accepts  the  baseband  digital  signals  from  the  Signal  Processor 
and  converts  it  into  (CPSM)Controlled  Phase  Shift  Modulation,  which  is  a  modulation 
technique  similar  to  Minimum  Shift  Keyinq.  This  signal  is  then  converted  to  the  desired 
"L“  Band  output  frequency  by  mixing  the  IF  signal  with  an  appropriate  LO  output  from  the 
Frequency  Synthesizer.  The  output  of  the  Exciter  is  then  amplified  to  800  watts  peak 
power  in  the  wideband  solid-state  RF  Power  Amplifier. 

The  Frequency  Synthesizer  is  a  dual  phase-locked  digital  synthesizer  capable  of  switching 
from  any  one  "I,"  band  frequency  to  any  other  in  microseconds.  The  unit  also  provides 
outputs  for  the  126  TACAN  channels. 

The  Signal  Processor  provides  TDMA  synchronization,  ranging  position  location,  data 
processing,  error  detection  and  correction  as  well  as  all  terminal  housekeeping  functions. 
The  signal  processor  incorporates  an  all  LSI  digital  computer  with  28K  16  bit  words  of 
solid  state  memory. 

The  AN/URO-28  measures  range  in  either  the  TDMA  or  TACAN  modes  or  both.  TACAN  ranging 
is  accomplished  to  ground  or  surface  beacons  (or  to  other  aircraft  in  the  air-to-air 
mode)  with  an  accuracy  equal  to  the  AN/ARN-84  TACAN. 

TDMA  ranging  is  based  on  the  establishment  of  highly  accurate  relative  time  synchroniza¬ 
tion  among  all  community  members.  TOA  (Time  of  Arrival)  of  received  transmissions  then 
becomes  an  accurate  measure  of  slant  range  between  the  transmitting  and  receiving  members. 
All  community  members  are  capable  of  making  this  range  measurement  on  a  transmission  by 
one  member. 

Te  rmijia  1  Software 

The  software  for  the  AN/URO-28  Tactical  Terminal  is  divided  into  three  major  functions, 

I -TDMA  Processing,  II-TACAN  Processing,  and  Ill-Relative  Navigation  Filter  Processing. 

The  TDMA  processing  consists  of  synch  processing,  TDMA  housekeeping,  message/slot  processing 
and  message/port  processing.  The  TACAN  processing  consists  of  an  envelope  filter,  phase 
reference  tracker,  DMF.  acquisition  and  track,  interrogation  logic,  display  processing 
and  slot  processing.  The  Relative  Navigation  processing  consists  of  source  selection 
and  processing,  navigation  port  interface  processing,  and  the  relative  navigation  Kalman 
f  i  1  ter . 

I .  TDMA  Processing 

The  first  TDMA  Processing  Function  is  the  Synch  Processing.  This  consists  of  the  Round 
Trip  Timing  (RTT)  synchronization  filter  and  the  various  functions  for  controlling  RTT 
reply,  control  of  the  time  base,  coarse  sync  and  net  time  updates.  The  first  step  is 
coarse  synchronization.  This  processing  computes  and  controls  the  set  up  of  the  terminal 
to  enter  the  JTIDS  net.  Based  upon  operator  entered  values  for  the  Time  of  Day  (TOD) 
and  estimates  of  the  accuracy  of  this  TOD,  the  program  computes  a  look  ahead  time.  Based 
on  this  value  of  time,  the  hardware  is  preset  for  reception  of  a  transmission  in  the 
future.  When  this  transmission  is  received,  coarse  synchronization  is  achieved  and  fine 
synchronization  is  started.  Fine  synchronization  is  achieved  either  by  RTT  or  by  passive 
means.  If  RTT  is  used  then  the  RTT  source  selection  processing  chooses  the  recipient 
of  the  RTT  message  and  the  RTT  synchronization  filter  processes  the  RTT  replies  to  estimate 
the  clock  bias  and  frequency  drift.  If  passive  synchronization  is  chosen,  then  clock  bias 


Maximum  A/J 
Nominal  A/J 
Minimal  A/J 
No  A/J 

Simultaneous  TDMA  and  TACAN  Operation 
or  Manual  Selection  of  Either  TACAN  or 
TDMA 

Up  to  5  Simultaneous  Nets  in  the  Same 
Geographical  Area  on  a  Time  Slot  by  Time 
Slot  Basis 
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I.  TDMA  P roceaaing  (Cont'd) 

and  frequency  errors  are  estimated  by  the  navigation  filter.  The  time  base  control  soft¬ 
ware  provides  the  necessary  processing  to  control  the  time  base  and  to  apply  the  correct  ion 
from  either  the  synchronization  filter  or  t hi*  navigation  filter  to  the  clock  itself. 

The  TDMA  housekeeping  processing  consists  of  t ho  Net  Control  Processing,  Test  Message 
Control,  TDMA  Performance  Monitoring,  TDMA  Receiver  Threshold  Control  and  Mode  Control 
Processing.  The  Net  Control  Processing  associates  a  TDMA  net  number  and  communication 
function  with  each  slot  time.  Since  the  terminal  is  capable  of  switching  between  nets 
on  a  slot  by  slot  basis,  the  net  number,  type  of  data,  and  whether  it  is  a  receive  or 
transmit  slot  must  be  designated  for  each  slot. 

The  next  set  of  processing  functions  are  called  the  Message/Slot  Processing  group.  These 
functions  are  concerned  with  the  transmission  and  receipt  ion  of  messages  on  a  slot  by 
slot  basis. 

The  first  of  these  is  the  Received  Message  Screening  and  Routing.  This  routine  provides 
the  primary  message  interface  between  the  software  and  hardware  for  all  received  messages. 
Not  only  does  it  control  the  data  from  the  RF  port,  but  it  also  outputs  the  data  to  the 
fixed  format  or  Free  Text  Port. 

The  JTIDS  program  has  generated  an  Interim  JTIDS  Message  Specification  (1JMS)  which  defines 
various  types  of  messages.  The  fixed  format  messages  are  called  Type  1  messages  and  the 
function  of  the  Type  l  Message  Processing  provides  the  identification,  classifying  pro¬ 
cessing  of  these  messages. 

One  particular  class  of  Type  1  message  is  identified  as  the  P-message.  The  P-message  is 
the  position  and  status  message  in  the  (tJMS)  catalog  and  consists  of  the  PI  (Airborne), 

PJ  (Ground  Station),  and  P3  (Ship).  The  P-message  processing  formulates  the  P-message 
for  inclusion  in  the  transmission  queue  at  the  proper  time.  This  message  is  composed 
of  both  data  supplied  external  to  the  terminal  and  data  generated  internally.  It  is  also 
the  function  of  this  processing  to  select  the  desired  transmission  slot  and  to  time 
extrapolate  the  navigation  data  to  the  beginning  of  the  slot. 

In  addition  to  generating  the  P-message,  the  terminal  also  controls  the  relay  of  messages 
and  generation  of  automatic  machine  acknowledge  messages.  The  relay  processing  modifies 
the  relay  indicator  bit  in  the  message  and  supplies  the  transmission  queue  with  the 
appropriate  data  to  enable  the  transmission  of  the  relayed  data  in  the  proper  slot..  The 
machine  acknowledge  processing  routine  provides  the  interface  between  the  Type  l  message 
c lassi f icat ion  and  the  transmission  queue.  If  a  machine  acknowledge  type  message  is 
received,  this  processing  determines  if  a  reply  is  required  and  if  the  terminal  mode 
pe rm its  send i ng  one . 

The  Test  Message  Generating  function  has  the  responsibility  of  controlling  the  trans¬ 
mission  of  test  messages  and  of  generating  the  data  F i^i*  the  test  message. 

RTT  interrogat ion  generation  is  a  processing  function  which  determines  when  an  RTT 
message  is  required  and  permissable  and  designates  the  address  of  the  unit  to  which  such 
an  interrogation  is  sent.  This  function  is  activated  only  if  the  terminal  is  in  the 
active  (RTT)  synchron > za t ion  mode. 

The  final  message  slot  processing  function  is  the  transmission  queue  processing.  This 
function  selects  messages  from  the  various  sources  within  the  terminal  and  from  the 
external  ports  for  placement  in  a  queue. 

The  fourth  block  of  software  is  designated  the  Message/Port  processing.  This  processing 
is  divided  into  four  functions  which  are  the  free  text  port  input,  free  text  port  output, 
fixed  format  port  input,  and  fixed  format  port  output. 

II.  TACAN  Processing 

This  processing  is  divided  into  seven  functions.  These  are  the  envelope  filter,  phase 
reference  tracker,  DMK  acquisition,  DMK  tracker,  interrogat ion  logic,  display  processing, 
and  time  slot  processing. 

'-he  envelope  filter  is  used  tr>  estimate  the  phase  of  the  TACAN  15Hz/llhHz  composite  signal. 
The  estimation  procedure  is  mechanized  via  a  Kalman  Filter.  The  estimated  states  are  the 
in-phase  and  quadrature  components  of  the  15llz  and  135llz  siqnal  ,  the  averaqe  DC  level  and 
additional  estimated  data  with  respect  to  the  beacon. 

The  DMK  Acquisition  Processing  is  utilized  to  provide  an  Initial  value  of  aircraft  ranqe 
for  the  DME  Tracker.  This  process  is  a  search  procedure  that  separates  the  correct 
interroqation  replies  from  all  other  squitter  pulses  emitted  by  the  beacon.  There  are 
two  modes  of  operation,  the  search  mode  and  the  monitor  mode. 

The  DMK  Tracker  is  used  to  make  fine  estimates  of  ranqe  from  the  aircraft  to  the  beacon 
and  to  maintain  beacon  track  after  coarse  ranqe  acquisition  has  occurred.  This  is  done 
with  a  two  state  Kalman  filter. 

The  Interroqation  Logic  provides  for  the  randomization  of  the  times  at  which  interroga¬ 
tions  are  transmitted.  The  Display  Processing  is  used  to  compute  the  true  bearing  of 


<4  4 


II.  TACAN  Processing  -  (Cont’d) 

the  aircraft  and  to  supply  digital  range  and  bearinq  to  the  Display.  The  time  slot 
processing  incorporates  all  data  buffering  requirements  for  the  collection  of  infor¬ 
mation  needed  for  the  track  filter,  envelope  filter  and  phase  reference  tracker. 

III.  Re  1  a t  ive  Navigation  Process! iuj 

This  processing  is  divided  into  source  selection  and  message  processing,  navigation  port 
interface  processing,  and  the  relative  navigation  filter  processing. 

The  relative  navigation  source  selection  and  message  processing  supports  the  relative 
navigation  through  selection  of  suitable  data  for  grid  and  geodetic  processing.  This 
function  extracts  the  data  required  from  the  incoming  P-message  and  provides  the  extracted 
data  to  the  relative  navigation  filter  processing. 

The  navigation  port  interface  processing  controls  the  interchange  of  data  between  the 
relative  navigation  filter  and  the  dead  reckoning  equipment  which  is  interfaced  with  the 
JTIDS  Terminal. 

The  relative  navigation  filter  processing  function  provides  and  maintains  hybrid  grid 
and  geodetic  navigation  data. 

Filtered  grid  and  geodetic  position  and  velocity,  as  well  as  best  estimates  of  dead 
reckoning  attitude  errors  and  TDMA  clock  errors  in  passive  sync  mode  are  developed  from 
the  weighted  mixing  of  dead  reckoning  inputs,  TDMA  time-of-arrival  (TOA)  data,  and  geo¬ 
detic  or  grid  position  source  reports  derived  from  received  P-messages.  Four  types  of 
observation  data  processing  are  provided  which  include  use  of  TOA  data  for  improved  grid 
navigation,  TOA  data  for  improved  geodetic  navigation,  geodetic  and  grid  data  for  offset 
geodetic  updating,  and  geoqraphic  position  update  data  provided  from  the  nav  port. 

As  an  example,  to  process  single  range  measurements,  a  range  estimate  is  formed  from  the 
reported  position  and  the  estimate  of  own  position  by 

/s  I  1  A  7  a  7  |  1/7 

R  =  l(X-X')  +  (Y-YM  +  (Z-Z’)  J  '  (1) 

where  x,  y,  z  are  the  estimate  of  own  position  and  x',  y',  z'  are  the  reported  position 
of  the  other  member.  A  range  residual  is  defined  as  the  difference  between  the  estimated 
and  the  measured  range 

Cr^-Km  (2) 

position  error  components  are  calculated  by  multiplying  the  range  residual  by  estimates 
of  the  direction  cosines 


This  processing  of  range  measurements  is  performed  by  a  Kalman  Filter  which  has  been 
mechanized  to  optimally  mix  the  TOA  observation  data  from  the  TDMA  system  with  the  dead 
reckoning  navigation  data. 

AN  /l)  RQ  -  2  8  Re  la  ti  ve  N  avigation  Capahi  1  i  ty 

The  Relative  Navigation  capability  is  provided  by  making  vise  of  onboard  sensors.  In 
operation,  the  dead  reckoning  equipment  senses  vehicle  motion  and  the  computer  calculates 
position  by  integration.  A  position  report  from  a  remote  unit  is  received  via  the  JTIDS 
link  and  the  TOA  of  this  message  indicates  the  range  to  the  remote  unit.  Using  this 
information,  a  correction  to  the  estimate  of  own  position  is  calculated  and  applied.  In 
turn,  a  position  report  is  transmitted  via  JTIDS  for  use  by  other  members. 

The  coordinates  frame  used  for  position  reporting  in  the  Relative  Grid  is  a  tangent  plane 
grid,  a  rectangular  grid  tangent  to  the  earth  at  the  origin,  which  is  nominally  stationary 
and  north  oriented. 

The  origin  of  the  grid  is  located  arbitrarily,  but  all  members  accept  the  location 
identified  by  one  member  of  the  community  designated  as  controller.  From  the  transmitted 
data,  the  apparent  relative  position  of  each  community  member  is  determined.  If  each 
member's  self-contained  grid  is  co-aligned,  this  apparent  relative  position  will  be  the 
sumo  as  the  relative  positions  measured  by  the  radio  ranging. 

The  difference  between  the  measured  and  apparent  relative  position  provides  the  error 
signals  which  enable  each  member  to  align  his  self-contained  grid  to  community  grid. 

Thus,  members  each  have  accurate  navigation  in  the  tactical  grid  in  spite  of  geographic 
navigation  errors. 


AN  HRC-28  RELATIVE  NAVIGATION  CAPABILITY 
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Geographic  position  is  not  affected  by  this  processing  of  range  updates  unless  one  of 
the  members  of  the  community  has  an  accurate  geographic  fix  or  some  source  of  geographic 
data  such  as  LORAN ,  OMKGA,  or  satellite  receiver.  If  such  geographic  data  is  available, 
the  tactical  grid  can  be  used  to  distribute  the  data  to  other  community  members. 

Each  community  member  reports  his  position  at  the  time  of  the  range  measurements,  thus 
providing  the  location  of  the  datum  point.  If  no  range  measurements  are  available,  the 
system  navigation  is  based  on  the  dead  reckoning  outputs. 

The  conventional  approach  to  the  use  of  range  measurements  is  to  correct  position  error 
by  taking  simultaneous  measurements  to  separate  datum  points  and  calculating  a  complete 
fix  (i.e.,  position  measurements  in  three  dimensions).  The  Relative  Navigation  that 
Singer-Kear fott  has  implemented  processes  range  measurements  individually,  making  best 
use  of  the  available  information  in  a  situation  where  the  geometry  is  continually 
changing.  When  a  range  measurement  is  available,  the  position  estimate  is  corrected  in 
one  direction,  giving  a  partial  fix.  When  multiple  measurements  are  available,  they 
are  processed  independently,  yielding  corrections  in  whatever  direction  geometry  permits. 

AN/Uj«U-2£  MECHANICAL  DESIGN 

The  AN/uro-28  JTIDS  Tactical  Terminal  has  been  designed  in  a  1  1/4  ATR  configuration  in 
order  to  accommodate  a  majority  of  military  applications  with  minimum  volume  and  weight 
impact.  Figures  3,  4,  5,  and  6  illustrate  the  design. 

Physical  characteristics  of  the  terminal  are  as  follows: 

Length  19.526  inches 

Height  7.625  inches 

Width  12.656  inches 

Weight  85  lbs 

Heat  Dissipation  800  watts 

This  high  density  packaging  concept  for  military  avionics  has  been  developed  and  pro¬ 
duced  by  Singer-Kearfott  for  Bl,  (Bomber) ,  JA-37  (Swedish  Fighter),  as  well  as  tie  JTIDS. 

The  design  employs  a  stacked  and  clamped  cards  mounting  technique  in  which  the  card 
frames  form  an  integral  "box-like"  structure  for  the  overall  assembly,  thereby  eliminating 
the  need  for  an  external  chassis.  Four  bars  are  used  to  clamp  cards  between  a  front 
connection  panel  and  a  rear  support  panel.  Removal  of  Signal  Processor  Logic  Modules 
and  Power  Supply  Modules  is  effected  by  loosening  four  rear  nuts  and  lifting  the  bars. 

Bars  on  the  opposing  side  form  a  sub-chassis  by  providing  a  structure  for  retaining 
separate  Signal  Processor  and  Power  Supply  female  connector  plate /motherboard  assemblies 
and  for  keying  and  guiding  modules.  Future  growth  can  be  accommodated  by  extension  of 
the  motherboards  with  flexprint  wiring  interconnections  and  appropriate  bar  length 
extension.  The  other  half  of  the  case  is  occupied  by  the  RF  sub-assembly. 

The  RF  modules  are  also  held  in  place  and  clamped  with  bars,  however,  wiring  inter¬ 
connections  are  made  with  bus  bars,  coax,  and  cables.  No  motherboards  ar >  used  on  the 
RF  Sub-Assembly.  Disconnection  of  connectors  and  module  removal  is  done  in  a  vertical 
direction  as  contrasted  to  the  sidewise  removal  on  the  opposite  side. 

The  front  panel  is  a  solid  aluminum  casting  and  all  electrical  connections  are  made  via 
the  front  panel.  The  rear  panel  is  made  in  two  piece:  which  are  pinned  together  to  permit 
disassembly  for  maintenance  and  access  to  the  motherboards.  Figure  7  defines  the  overall 
dimension  of  the  AN/URQ-28  Tactical  Terminal.  Signal  Processor  and  Power  Supply  module 
connectors  incorporate  the  standard  NAFI  blade  and  tuning  fork  design  utilizing  pins 
captured  in  individual  nylon  inserts. 

The  terminal  employs  hollow  modules  as  the  heat  exchanger  mechanism.  Cooling  air  passes 
directly  behind  components  through  a  parallel  plane  gap  formed  by  circuit  card  lamina 
cemented  to  each  side  of  a  module  frame.  The  module  frame  contains  an  inlet  and  exit 
port.  By  stacking  and  clamping  the  modules,  their  inlet  and  exit  ports  form  an  air  dis¬ 
tribution  plenum. 

Air  entering  at  the  rear  panel  flows  through  to  the  inlet  plenum  and  is  distributed  to 
modules  in  a  parallel  fashion,  each  module  therefore,  being  exposed  to  the  same  inlet 
air  temperature.  This  is  in  contrast  to  more  conventional  series  flow  design  where  each 
module  is  exposed  to  successively  higher  heat  exchanger  interface  temperatures.  After 
cooling  air  leaves  the  module,  it  enters  the  exit  plenum  which  directs  the  air  to  exit 
ports  located  at  both  rear  and  front  panels. 

Extensive  thermal  analysis  and  testing  has  been  performed  to  establish  the  terminal 
thermal  characterisitcs .  Module  inlet  ports  are  adjusted  to  "bleed"  the  desired  amount 
of  cooling  air  based  on  the  dissipation  within  the  module. 

The  terminal  has  been  designed  to  meet  MIL-E-5400  Class  2X  environment  requirements  for 
fixed  wing  aircraft  and  Class  I  for  helicopter  applications. 

The  terminal  is  designed  for  "hard  mounting"  or  for  use  with  vibration  isolators  and  a 
mounting  rack.  Cooling  air  is  provided  either  from  an  aircraft  conditioned  air  supply 
or  by  blowers  included  in  the  mounting  rack. 
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Each  logic  module  can  accommodate  up  to  120  1-1  pin  flat-packs,  60  on  each  side  or  an 
equivalent  mix  of  MSI/LSI  packages  with  as  many  as  4H  leads. 

The  Power  Supply  and  RF  module  frames  are  also  5"  high  and  7.415”  long,  however,  their 
widths  vary  from  1.275“  to  2.450".  The  basic  construction  is  similar  to  the  logic 
modules,  however,  the  cooling  air  passage  incorporates  finned  material  to  increase 
surface  area.  These  modules  incorporate  circuit  cards  and  RF ,  IF,  and  video  components. 
The  RF  power  amplifier  is  5.750"  wide  and  is  made  up  of  4  submodules  bolted  together. 

RF  shielding  is  accomplished  with  module  covers  and  compartment! zing.  All  RF  circuits 
are  completely  shielded  from  the  air  passages.  Adequate  removal  of  heat,  in  a  Class  2X 
environment  is  an  outstanding  feature  of  the  AN/URO-28. 

The  AN/URQ-28  Mode  Control  Unit  (MCU)  is  shown  in  Figures  8x9.  This  is  a  cockpit 
mounted  module  containing  functional  controls  for  the  terminal.  TDMA  mode  control  and 
TACAN  channel  select  and  control  occupy  the  upper  half  of  the  panel,  while  the  lower  half 
contains  the  necessary  controls  for  the  terminal  Secure  Data  Unit  (SDU) . 

The  AN/URO-28  JTIUS  Tactical  Terminal  is  one  of  the  first  truly  integrated  aircraft 
communicat ion  and  navigation  systems  and,  as  its  capabilities  are  realized  and  understood 
by  military  users,  the  terminal  will  permit  significant  improvements  in  tactical 
operations.  The  multi-mode  capability  of  the  JT1DS  will  permit  a  broad  spectrum  of 
mobile  and  fixed  users  to  participate  in  the  community. 
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EQUIPMENT  CONFIGURATION  (AN/URQ-28) 
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AN/URQ-28  SIMPLIFIED  BLOCK  DIAGRAM 
Figure  2 
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MECHANICAL  DESIGN  POWER  SUPPLY  SUBASSEMBLY 
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Figure  5 
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AN/URQ-28  TACTICAL  AIRCRAFT  TERMINAL 
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MODE  CONTROL  UNIT  (MCU) 

Figure  9 
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INTRODUCTION 


1.1  OVERVIEW.  As  depicted  in  Figure  1-1,  many  potential  DoD  applications  exist  for 
very  low  cost,  expendable,  JTIDS-compatible  terminals,  which  include:  (1)  weapon  and 
RPV  guidance  and  control,  (2)  remote  sensors  and  beacons,  and  (3)  range  instrumentation. 

In  these  and  other  situations,  it  is  advantageous  to  utilize  the  basic  JTIDS  waveform  for 
near-transparent  communications  compatibility  with  other  JTIDS  Class  1,  2,  or  3  terminals. 
Expendable  Terminals  (ET)  can  be  viewed  as  extensions  for  the  other  JTIDS  Class  terminals 
where  (1)  expendab i lity  and  unmanned  operations  are  required  and  (2)  system  communications/ 
control  resides  with  the  JTIDS  Class  1,  2,  or  3  terminal. 


Figure  1-1.  JTIDS  Scenario 

The  major  ET  design  emphasis  is  cost/performance.  The  system  designer  must  search 
for  and  recognize  opportunities  to  eliminate  or  simplify  certain  JTIDS  features  not  re¬ 
quired  for  a  specific  use.  IBM  has  gained  an  insight  into  complexity  vs  JTIDS  features 
tradeoff  techniques  as  a  result  of  participating  on  a  number  of  recent  programs,  which 
include:  (1)  production  of  expendable  terminals  for  the  HOBO  glide  bomb,  (2)  jam  resis¬ 

tant  drone  terminals,  (3)  in-house  data  link  system  development  and  testing  of  a  brassboard 
JTIDS  ET,  and  (A)  a  JTIDS  Class  3  terminal  conceptual  study  contract.  This  paper  dis¬ 
cusses  cost/performance  issues,  JTIDS  features  vs  complexity  tradeoffs  as  they  affect  FT 
functions,  impact  of  technology  infusion,  and  production  base  considerations,  using  the 
IBM  JTIDS  ET  brassboard  design  as  a  development  benchmark. 

The  major  functions  of  a  JTIDS  terminal  are:  (1)  receive  and  correlate  the  JTIDS 
waveform,  (2)  decode  and  process  the  messages,  (3)  interface  with  the  vehicle  and/or 
sensor  in  the  user's  Installation,  and  ( 4 )  format  and  transmit  unique  JTIDS  messages.  F.T 
cost/performance  vs  complexity  tradeoffs  affect  one  or  more  of  these  functional  areas.; 

For  instance,  in  a  number  of  potential  applications,  there  is  no  need  for  an  uplink  or, 
a  downlink  capability,  or  a  need  for  only  a  few  control  or  status  bits,  rather  than  a 


complex  mer.sair.i-.  In  those  oases,  the  receiver  or  transmitter,  and  associated  process  In* , 
may  be  eliminated  or  simplified. 

In  some  app  1 1  cat  ions  ,  less  complex  implementations  are  possible  In  the  areas  ol‘  anti 
.lam  i A.1  ,  security,  data  rate,  and  net  entry.  These  and  other  techniques  discussed  In  sub 
sequent  sections,  of  this  paper  can  Impact  production  terminal  cost  without  measureably 
affect Ing  mission  performance.  In  fact,  overall  performance  may  be  cost  effective  as  a 
result  of  the  sire,  weight,  and  power  reduction,  and  the  reliability  Increase  due  to  a 
less  complex  terminal. 

A  large  product  Ion  base  Is.  also  necessary  to  low  unit  cost.  Tf  common/base  function¬ 
al  modules  can  be  produced,  one  can  benefit  from  technology  Infusion  In  the  form  of  cus¬ 
tom  large  scale  t  tit  egrat  ton  (LSI!,  special  microprocessors ,  dense  H  V  packaging,  matched 
filters,  etc.  Kach  of  these  areas  of  production  cost  savings  requires  research  and  devel- 
-pment  expenditure  and  non-recurring  start-up  expenses  that  should  be  Justified  only  when 
spread  over  a  large  production  run.  Cost  goals  In  the  range  of  15  to  J10K  may  be  met  for 
product  ton  quantities  of  10,000  or  more  units.  LSI  and  dense  packaging  are  also  key  to 
meeting  the  stringent  weight  goal  of  less  than  10  pounds,  the  form  factor  goal  of  less 
than  500  on.  In.,  and  the  primary  power  goal  of  less  than  50  watts. 

1.'  ION!  PKVKLOFMKNT  BACKGROUND.  IBM  has  been  Involved  In  the  development  of  time  of 
arrival  (TOAl  and  distance  measuring  equipment  (PM1/!  systems  for  more  than  a  decade. 

'ver  TOO  expendable  PMF  Weapon  Guidance  Subsystems  (WGSS)  for  the  H0R0/GBU-15  glide  bomb 
(Figure  I-’'  have  been  produced  by  IBM.  Although  the  WGSS  Is  not  JTIPS-compat Ible, 

W'.lnce  It  was  designed  prior  to  JTTDS  standardization)  It  does  serve  as  a  real-world 
example  of  i  practical  expendable  terminal. 


Fiqure  1-2.  Expendable  Weapon  Guidance  Terminal  (WGSS) 


Figure  l-3b.  ABS-II  Development  Terminal 


Y.'-TKM  KK«.':'!KFMKNT::  AND  I'KfldN  TKAl'K.’KI- 


TYP 1 1'Al.  A1TU  PATTON  RKgM'I RKMKNTS  . 

I  dent  It'led  mill  will  be  lined  In  tills 
ement  may  be  derived.  The  l'e  1 1  owl  n 


ssllos  -  This  elass  of  KT  applications  covers  a  spectrum 
bomb,  of  relatively  short  ratine,  to  the  tactical  antl- 
wllh  an  over-t  he-hor  I  son  operational  ratine.  In  c.enera  1  , 
o  the  missile  or  weapon  are  Pul  1  -  lenp.tlt ,  contalnlnp  flip 
.lata  for  use  by  the  missile  In  computing  Us  own  t'llpht 
lessapes  from  the  missile  or  weapon  will  normally  be  very 
■e.i  at  all.  Typical  downlink  messages  may  consist  of  .'71 
icl  responses.,  and  or  bits  Indicating  weapon  status  local 
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guided  m  l  ;■ I  1  and  weupons ,  given  alMVf  .  The  morn  complex  KPVs  may  requlr.  .1 
morn  comp  let  <*  vlowti  l  tnk  capah  1  1 1  (  y  ,  t'a  ■  r-  reporting  reconna  1  .isinnv  .lata.  The 
.1. 'Will  Ink  messages  for  t  lu'se  application:',  will  tin  Pull  length  dTtDf  messages. 

Deacons  -  arc  devices  that  continually  transmit  a  co.tc.l  signal,  or  that  trans- 
mTt  a  coded  signal  In  rcaponst-  to  a  co.lo.l  Ini  errogat  Ion.  They  may  he  surface 
Implant  i', 1  or  a  1  r-.iropped ,  or  they  may  he  water  locate.!  htioyr. .  Beacon;--  can  nerve 
as  position  references  In  such  operation  an  amphibious  assault,  where  Peaches, 
anil  approach  lanes,  must  he  marked.  Uplink  messages  to  the  KT  may  not  he  re- 
qu  trial.  The  beacon,  In  this  case,  would  he  preprogrammed  to  trans.mil  at  appro¬ 
priate  t  lines  .  If  response  on  Interrogat  Ion  were  required,  the  uplink  would 
most  likely  consist  of  a  fixed-formal  message.  This,  uplink  message  might  he  a 
few  hits  of  Information,  le  roughly  update  beacon  knowledge  of  JTIPf.  t  line  an.l 
lo  cause  the  beacon  to  respond.  However,  a  longer  coded  message  might  he  used 
to  prevent  the  beacon  from  responding  to  unauthorized  (e.g.  enemy )  t runsmlss Inns 

Hcrnot  e  sensors.  -  Remote  sensor  I-'Ts  could  Involve  surface  located  Intrusion  sen¬ 
sors  that  are  planted  ilong  a  border  or  military  line  op  contact  .  The  sensors 
would  detect  passing  enemy  t  raffle,  us- 1  tig  pressure,  noise,  dor,  Infrared,  u- 
other  sensor  techniques.  The  number  and  type  of  detect  tons  may  he  recorded  for 
later  hurst  transmission  by  the  KT,  or  may  he  Immediately  transmitted  by  the 
KT,  either  ease  using  full  message  uplink  capability.  In  the  first  cas.e,  the 
KT  might  he  programmed  to  transmit  al  pre-selected  times,  or  It  might  transmit 


KT  might  he  programmed  to  transmit  al  pre-selected  times,  or  It  might  transmit 
only  following  a  coded  Interrogation.  In  operational  use,  an  HI’V  or  manned  air¬ 
craft  would  pass  by  the  remote  sensor  at  Intervals  and  read  out  the  stored  data, 

e.  Range  Instrumentation  -  Test  ranges  need  to  provide  Instrumentation  to  track 

aircraft,  missiles,  and  other  weapons,  during  weapon  system  test  and  evaluation. 
KT  type  terminals  will  he  Installed  on  the  test  vehicles  (a/c  and/or  weapon), 
and  additional  Ts  will  he  located  at  appropriate  surveyed  location  points. 
During  range  use,  these  terminals  will  exchange  transmissions  to  .let  ermine  the 
ranges  bet  ween  the  test  vehicles  and  the  surface  KTs  for  calciilat  Ions  of  ‘  i-s 
vehicle  positions,  Depending  upon  the  ranging  filter  mechanization  (and  the 
potential  downlink  of  flight  parameters  from  the  test  vehicle  to  the  surface 
KTs)  the  up  and  downlink  message  requirements  will  vary.  Kor  example,  the  test 
vehicle  terminal  may  he  downlink  only,  and  the  surface  terminals  may  utilize 
t tine  difference  of  arrival  (TDOA)  to  locate  the  test  vehicle.  Conversely,  the 
vehicle  terminal  may  be  uplink  only,  the  surface  KTs  would  continually  transmit, 
and  a  processor  aboard  the  test  vehicle  would  compute  vehicle  posit  loti, 

PK.'l 1  ilN  KKw'IU  HKMKNTK .  Table  .'-1  siimm.tr  t  .-os  the  design  parameters,  which  must  he  con¬ 
sidered  to  satisfy  each  of  t  he  above  described  potential  app  1  1  cal  Ions. .  These  design  par¬ 
ameters  are: 

a.  Uplink  messages  1 1  o  KT'  -  range  from  .fit  1  1  message  length  to  no  uplink  require¬ 
ment.  Thus.  It  might  be  possible  foi*  the  receiver  and  associated  process  lug 
portion  of  1  In-  KT  to  he  modular,  and  left  unpopulated  if  not  require,!.  The 
requirement  for  security  Is  probably  minimal  so  no  decrypt  lot:  pros.-:  1 1  • "  1: 
required.  AJ  ( ant.  1 -,1am)  and  KCC  (error  correction)  ranges  from  minimum  t  .- 
modern! e . 

b.  Downlink  messages  (from  KT)  -  range  from  full  message  length  to  no  l.-wullnk 
requirement ,  Therefore,  the  transmitter  and  assoc ! at ed  process  lug  should  hr 
modular.  A.',  KCC,  and  security  range  from  minimum  to  moderate.  fhus,  fre¬ 
quency  agility,  error  correct  ton  encoding  and  encrypt  Ion  could  he  modular  a:  I 


assoc  l  at  ed  process  1  tig 


features  aft 


Data  rate  -  None  of  the  uplink  or  downlink  requirements,  are  projected  to  ex¬ 
ceed  'H  t  line  slots,  or  transit!  I  ss  tons  per  second  for  the  sppl  lent  Ions  examine! 
Thus ,  the  KT  may  toe  designed  to  utilize  every  third  JTTDS  time  slot  (a  so- 
called  .'T1DS  "set").  Ttits.  will  allow  the  error  decoding  and  message  pro¬ 
cessors  to  take  three  time  slots  to  perform  their  fund  loti  (nearly  ms' 
rattier  than  the  normal  7.8  ICR  ms.  Tills  would  allow  a  slower,  lower  power, 
digital  processor  to  do  the  Job. 

Transmission  range  -  The  maximum  surface  to  surface  ranges  are  projected  In 
the  order  of  h - 10  km.  "'his  can  be  achieved  with  peak  transmission  rower  of 
about  *>t)  watts,  depending  upon  reasonable  foliage  and  terrain  conditions.  1. 
to  ‘>0  watts  should  be  adequate  for  surface  to  atr  situations,  \ur  to  I  ',’  ic.n' 
and  for  the  air-to-air  cases  (up  to  COO  km).  These  requirements  depend  upon 
Jamming  environment  by  host  tie  forces,  and  the  degree  of  Ad  KCC  features.  In¬ 
corporated  In  the  KT. 
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Table  2-1.  DESIGN  PARAMETERS  FOR  ET  APPLICATIONS 
APPLICATION 


DESIGN  ELEMENT 
REQUIREMENTS 

(111  I  PEP 

MISSILES. 

WEAFONS 

RPVs 

BEACONS 

RKMOTK 

SENSORS 

RANGE 

INSTRUMENTATION 

Uplink  messages 
(to  ET) 

Full  msg. 

Full  msg. 

Minor 
(or  none) 

Minor 
(or  none) 

Full,  minor  or 
none* 

-Max  data  rate** 

20 

JO 

0-^  3*** 

(l-i4  }••• 

0-8  <••• 

-AJ,  ECO, 
security 

Moderate  AJ, 
HOC,  min. 
security 

Moderate  A J , 

E  '  ’ ,  min . 
security 

Minimum 

Minimum 

Mlnlmuju,  multi- 
path  rejection 

U  'wnl Ink 
message 
(from  KT ) 

Minor 

Full  (or 

minor ) 

Full 

Full 

Full,  minor, 
or  none* 

-  Max  data 
rate** 

0-7 

0-7 

<0.01®  - 

U3-## 

<0.01®  - 

H3*** 

0-8 

-  AJ.  Fa'C  , 

security 

moderate 

moderate 

min.- 

moderate 

m  1  n .  - 
mod era t  e 

minimum 

Max  range 

-surf /surf 

- 

- 

5-10  km 

5-10  km 

_ 

-surf  'a lr 

*30-100  km 

50-100  km 

20-50  km 

20-50  km 

5-50  km 

-a lr/alr 

50-200  km 

50-200  km 

- 

- 

- 

User  I/O  - 
serial  or 
parallel  digital 

short 
distance 
( <  10  ft) 

short 
distance 
(  <  1 0  ft) 

none 

long 

distance 
(>100  ft) 

long 

dlst  ance 
('100  ft) 
for  surface 
unit  s 

Mechanical  - 

size  ( c  u  in) 

<500 

<500 

Not  cr 1 t leal 

Not  cr It  leal 

<500 

-  wt  (pounds) 

<10 

<10 

Not  critical 

Not  crlt leal 

<10 

-  environment 

Missile 

RFV 

Surface 

Surface 

Airborne  4 
surface  types 

-  prime  power 

28-28  VDC 

28-28  VDC 

28-28  VDC 

28-28  VDC 

28-28  VDC 
(or  120/208  V 

800  Hz) 

*  Application  dependent  **  Time  Slot  (or  portion  of  TS)/s  ***  One  JTIDS  set 
J  I . e . ,  l  transmission  per  minute 

e.  User  I/O  -  The  ET  must  interface  with  the  vehicle/autopllot  in  the  missile/ 
RPV/airborne  range  Instrumentation  systems,  and  with  on-hoard  sensors  in 
the  RPV  and  missiles.  This  subsystem  function  could  utilize  standard  serial 
or  parallel  digital  Interfaces.  Remote  sensor/ETs  must  interface  with  the 
sensors  themselves,  which  may  be  more  than  100  feet  distant  from  the  ET.  This 
nay  require  a  modulated  FSK  or  other  special  Interface  so  that  ordinary  wire 
(twisted  pair)  can  be  used.  Similarly,  the  surface  ETs  In  the  range  instru¬ 
mentation  case  may  utilize  wire  links  to  data  reduction  comp  tors. 

f.  Mechanical  requirements  -  Size  is  critical  for  Mie  airbo-ne  applications.  A 
value  of  the  order  of  (OO-bOO  cu.  In.  (e.g.  A"  x  b"  x  l.”  or  o"  dla.  by  10"'l 
is  about  as  large  as  can  be  accepted  in  most  missile,  weapon  and  RPV  applica- 
t Ions . 

Weight  is  also  critical  for  the  airborne  applications.  8-1.'  pounds  could 
represent  some  10-/01  of  t  tie  total  weight  of  some  low  cost  RPVs. 

Environmental  requirements  vary  from  airborne  to  surface.  Since  the  ET  is 
"expendable"  and  may  be  required  to  operate  for  relatively  short  periods  of 
time  in  some  of  the  applications,  it  may  he  possible  to  stress  ttie  unit  by 
operating  above  normal  temperature  limits,  etc. 

frlme  power  is  'it-.'S  vdc  in  all  oases,  except  some  range  Instrumentation 
situations  where  iro/?U8v,  h 00  hz  may  be  preferred. 

g.  Cost,  -  Insure  affordable  cost  range  ($5k-10k)  by  continuously  trading  perfor¬ 
mance/function  vs  cost.  Utilize  design  to  cost  techniques  to  enable  achieving 
cost  goals. 

In  summary,  the  requirements  vary  considerably  from  application  to  application. 

One  o  mmon  thread  is  the  use  of  the  ETs  in  unmanned  applications,  eliminating  require¬ 
ments  for  displays  and  controls,  and  possibly  reducing  reliability  and  backup  provisions. 
A  second  possible  common  thread  is  the  elimination  of  high  A.T/ECC  requirements,  and  t  tie 
high  data  rates  or  high  transmission  power  levels. 


•J 


.  '  JTIIV  E'E’AT’dRK:’ .  The  .'Til’:'  wave form  and  m«* :■  . i>"<  discipline  afford  a  gr<  it  !>•  i 
Legibility  In  t  ems  f  operat S  nal  modes ,  ant  !-•  feat  ires  and  dat  i  •  tndllng  f  r 
triety  of  applications.  Three  classes:  of  .’TIPS  terminals  have  been  defiled: 

(O  0 1  ilss  l  terminal  -  developed  for  command  m.i  control  applleat  Ions. 

'lass  '  •  ermlna  1  -  for  ure  or.  tactloal  aircraft  shlpborno  plat  form:-. ,  usd 

Mass  •  terminal  -  Low  •  •  ,  Light  weight  terminal  ippllcatlons  Includlni 
manpack . 

These  classes  of  terminals’  are  charact  or  1  red  by  varying  degrees:  ,-f  performarioi 
s  t  .  The  .’TIPS  ST  will  la  It*;:::  somrlex  ittd  cost  less.  liar,  the  .'la.';:  .  :  er"i  1  r:a  1  . 

•••vide  the  specialised  performance  needed  t.  satisfy  t  re  j.ilrement  s  for  t  he  mm. 
yper, table  type  of  appl t sat  tons  discussed  previously. 

Table  1  -  '  sununa rises  the  JTIDS  features  needed  to  supi  rt  the  various  El  i ] 
’ns;.  An  entry  In  the  table  tisd  l  o  at  «>  s’  that  a  feature  1.  required  .or  needed  more 
minimal  amount  1 .  A  .!  1  nous::  ton  of  these  feature::  follows: 

'.'able  JTlPf  SSAT’JF.SJ  FOH  VAH 1  Olio  STs 


.'TIPS 
SI-  A  l".'HS  J 


P'll'KP  VI.-:'!  U-T-.  KSV  •  •;>  KAN  ;s 

H  NS  RPVs  BE  A  1  'NS  !EN  ’OR?  NS  HI  MEN  ]  A 


TPM  A 

Ini  os-opes-ai'  lilt  y 
Net 

Jynehronl .’at  Ion  X 

A.'  Modes 
Tx  Me  isagi  s 
KTT , 

Posit  Ion  Locat Ion  X 


Note:  .’he ok  Indicate 


Is:  adequate  In  terms  of  data  capacity  and  A.'  feat  ures .  As  described  In 
Toot  Ion  -  .  the  I'PMA  time  s  lot  S  are  organised  as  follows: 

o  ! .  S  minute  epoch  cons'.l st  lng  of  frames 

Such  1.'  second  frame  consists’  of  l'-.r  time  slots 

O  Kaoh  '.Sl.'H  ms  time  slot  may  oor.t  a r.  a  10d  symbol  d  ■  t  a  message 
plus  sync  preamble. 

The  resulting  : x-battd  communication  system  provides  a  data  capacity  of  approx 
mutely  bO  K  bits  sec. 

ir.t  erv'perablllty  -  To  provide  Interoperability  with  existing  IPS  classes. 
terminals  ind  other  ET’s,  the  ET  must  communicate  Itt  the  Phase  I  TOMA  wave¬ 
form.  (Alternat  e  "Vh.ise  11”  waveforms,  un.irr  oons’lderat  lor.  by  ’-as'lous  con¬ 
tractors  and  tits'  .’TIP;’  Joint  Program  Office  arc  re, paired  to  also  support  ;  r.e 
Phase  1  TPM  A  Implementation).  The  ST  may  re.palre  use  of  free  text  messages  f 
Its  specialised  appl  1  cat  lot: .  It  may  process  the  waveform  !r,  a  simpler  way  or 
not  make  use  of  all  the  A.T  features  that  another  terminal  ran  generate.  How¬ 
ever.  the  overall  ST  approach  should  be  that  Its  mode  of  operat  Ion  should  be 
transparent  to  other  Interrogating  or  communicating  J’V.'JJ  terminals. 

Net  synchro:'.!  .’at  Ion  -  .’TIPS  requires  synchronl  sat  lot;  on  a  time  slot  by  time 
slot  basis.  However,  it  Is  Important  to  distinguish  between  system  time 
sv-ohrot.!  -it!  ut  and  message  s vttchtvnl cat  Ion .  If  a  terminal  solely  receives 
messages  or  responds  to  Int errognt Ions ,  and  Is  operating  tv.  a  minimal  -V  modi 
message  synchronl cat  Ion  can  be  achieved  without  system  time  synchronl cat  ton . 
'.'his  modi-  of  operation  Is  suitable  to  some  of  the  guided  weapon,  KSV,  and  ot  1: 
appl teat  tons.  Where  data  must  be  transmit  led  or  received  In  more  complex  AJ 
nodes,  system  time  Initialisation  and  clock  sy nohron 1  cat  Ion  are  required.  So 
short  duration  missions  It  nay  be  possible  to  Initialise  and  maintain  suffi¬ 
ciently  accurate  system  time  with  a  free  running  clock.  In  other  application 
clocks  may  be  corrected  via  KTT  measurements  or  other  periodic  message  update 
where  the  accuracy  of  system  time  clock  synchronl  cat  Ion  Is  loss  than  the  aoca 
racy  required  for  doing  one-way  ranging. 

AJ  Modes  -  JTIDS  provides  modes  which  offer  various  levels  of  AJ  performance 
using  frequency  hopping,  VN  coding,  data  Interleaving  .and  error  correct  Ion  oo 
trig  techniques.  Hie  minimum  level  AJ  mode  Is  suitable  for  beacon  and  sensor 
applications,  and  for  some  guided  weapon  applications.  AJ  functional  oapabll 
Impact  s  the  design  and  cost  of  a  terminal,  particularly  In  the  area  of  reoelt 
design.  :  i:  add  1 1  Ion  to  the  standard  operat  leva  I  modes ,  It  may  be  advantage.".* 
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to  consider  a  simpler  hybrid  KT  mode  which  would  give  some  A,1  Improvement  (till: 
would  affect  software  design  of  existing  terminals).  The  baseline  KT  approach 
should  first  consider  the  standard  mode:-. 

e.  KT  Messages  -  A  primary  KT  requirement  Is  to  receive  data  In  the  form  of  com¬ 
mands  or  HTT  l nt errogat  Ions  and  transmit  HTT  replies.  For  mission  applications 
peculiar  to  the  KT,  messages  may  be  specially  formatted  free  text  .'TIPS  mes¬ 
sages,  talthough  some  fixed  formatted  messages  eould  also  be  utilized).  In 
itdltlon  to  receiver  design  and  sync  processing,  the  area  of  message  filtering 
and  processing  can  Influence  design  -omplexlty,  and  should  be  kept  minimal. 
Transmitted  messages  would  also  Include  special  purpose  free  text  as  well  as 
fixe,!  formatted  messages. 
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1.  Transmitters  -  RF  power  amplifiers  can  be  a  slgnlfteant  cost  Item  In  the  t er- 
mlr.a'l  design.  Rolld  state  transmitter  designs  offer  the  required  power  levels 
f  If  to  sf  watts  In  the  .tflPS  frequence  band  at  moderate  cost  with  high 
re  1  jab  1 1  tty. 

e.  Frequency  synt  her- !  zer  -  .he  oscillator  de 
Item,  particularly  If  frequency  hopping  1 
■f  t,he  terminal  could  Include  a  frequency 

applications  requiring  frequency  agility. 

f.  Modular  design  -  A  number  of  functions  or  components  are  candidates  for  modu¬ 
larity.  In  addition  to  the  local  oscillator,  the  power  amplifier  and  message 
processor  may  be  tailored  for  different  appl lcat Ions . 

g.  how-cost  packaging  -  Mechanical  structure  can  compose  a  significant  portion  of 
the  weight  and  cost  of  the  KT.  Metall.ted  plastics  should  be  considered  for  the 
unit  enclosure,  to  lower  weight  as  well  as  production  costs. 

An  ET  Is  tonceptually  depleted  In  Figure  .’-1.  The  signal  message  processor  is  shown  as  a 
single  horizontal  page.  The  RF  Rx  Tx  circuitry  Is  Included  In  a  single  module  ipower 
amplifier,  circulator  and  transmit  filter  separate'.  This  unit  represents  the  basic  min¬ 
imal  requirements  FT. 

.  R  MFi’HANU'Al  AN!'  POST  RF.vJU  T  RFMF.NTS .  The  size,  weight  and  cost  goals  for  an  FT  have 
been  previously  mentioned.  In  summary, 
o  Volume:  $00-500  In* 

o  Weight:  8-1.'  lbs 

o  Cost  :  $RK  -  10K 

As  a  result  of  IBM’s  work  on  guided  weapon  and  FT  programs,  these  projections  are 
considered  to  be  achievable  goals.  An  estimate  of  the  weight  and  cost  apport  lontnent  among 
the  major  FT  functions  Is  lndteat'od  In  Figure  These  estimates  Include  the  various 

technology  features  discussed  lbovo,  employed  to  satisfy  the  basic  FT  requirements. 


•sign  can  be  a  very  significant  cost 
c  repaired.  Austere,  low  A.’  versions 
oscillator  with  modular  growth  for 


Weight  8  12  1b  Cost.  $5  10K 

Figure  KT  Weight  and  Cost  Goals 


3.  MAJOR  TERMINAL  FUNCTIONS. 

An  FT  must  perform  four  tna.lor  functions  (receive,  process,  interface,  and  transmit) 
to  be  useful  in  a  variety  of  applications.  These  functions  are  shown  in  the  general  pur 
pose  KT  block  diagram.  Figure  j-1.  The  complexity  and  cost  of  those  functions  depend  on 
the  required  application  and  which  JTIDS  features  will  satisfy  system  requirements. 

There  are  applications  where  all  four  functions  are  not  required.  For  Instance,  a 
terminal  to  be  used  for  navigation  or  guidance  of  a  missile  may  not  require  the  transmit 
function  if  It  has  the  on-board  processing  capability  to  compute  Its  own  position.  If 
the  application  for  the  terminal  requires  It.  to  be  fully  time  synchronized  in  the  JTTPS 
net.,  a  receiver  with  programmable  SAW  or  CCP  devices  would  be  required  which  would  in¬ 
crease  the  cost  and  complexity  of  the  receiver. 

3.1  RECEIVE  FUNCTION.  The  receive  function  of  the  terminal  Is  to  detect  and  correlate 
the  RF  waveform  as  transmitted  by  another  JTTPS  terminal.  This  spread  spectrum  waveform 
includes  a  range  of  L-band  frequencies  which  are  continuous  phase  shift  modulated  (CPSM1 
After  correlation,  compressed  pulses  are  sent  to  the  processor. 

3..’  PROCESSING  FUNCTION.  The  processing  functions  of  the  terminal  may  be  quite  diverse 
and  could  Include  a  few  or  all  of  the  following  functions: 
o  Threshold  detection  on  input  message 
o  Control  for  a  frequency  synthesizer 

o  Control  for  synchronization  correlator 

o  Control  for  data  correlator 

o  Control  for  pseudorandom  codes 

o  Symbol  interleaving  and  de-interleaving 

o  Pat  a  encryption  and  decryption 

o  Error  correction  coding  and  decoding 

o  Address  discrimination  and  data  decode 

o  Perform  TOA  measurements 

o  Ferform  computations  using  JTTPS  inputs 

o  Perform  computations  using  Input  from  other  sensors 


o 

o 


Encode  data  for  t  ransr  It  ted  messages 

Provide  CPCM  modulation  patterns 

f’r  vide  Pont  in  1.  Input,  and  output  for  other 


If  the  terminal  Is  used  for  a  passive  application  and  is  not  required  to  transmit, 
pp  Lng  w  ild  b(  pi  lulred  for  data  encryption,  error  correction  encoding,  syml 
Interleaving  or  transmitter  modulation. 


Figure  1-1.  General  Functional  Diagram  for  a  JTIDP  Expendable  Terminal 

'.1  I  '  FUNCTIONS.  The  interface  function  of  the  terminal  must  provide  a  route  for  data 
to  and  from  other  systems.  Depending  on  the  application,  the  interface  could  be  used  for 
digital  or  analog  data  to  or  from: 

o  Sensors  -  FW,  TV,  IR,  sonic,  pressure,  etc. 
o  CRT  displays  -  such  as  an  aircraft  TV  display 
o  Analog  meters  -  such  as  an  API  on  missile  launching  aircraft 
o  Other  computers  -  serial  or  parallel 
o  Printers,  recorders ,  or  test  devices 

t.1*  TRANSMIT  FUNCTION.  The  transmit  function  of  the  terminal  is  to  accept  data  from  the 
processor  and  apply  modulation  to  an  RF  source.  This  generates  the  spread  spectrum  wave¬ 
form  for  transmission  to  other  JTIPS  tei  Inals.  Depending  on  system  range  requirements 
and  lnterrog.it  ion  rates,  a  power  amplifier  would  be  selected  for  Its  output  and  duty  cycl 
capac ity . 

It.o  I  DM  DEVELOPED  TERMINAL. 

IPM  has  developed  and  built  an  expendable  terminal  under  Independent  research  and 
development  (IRADl  funding  which  was  designed  to  address  cruise  missile  or  guided  weapon 
applications  and  is  compatible  with  the  JTTPE  waveform  and  message  structure. 

Operat ional ly ,  Class  2  JTIPS  terminals  on-board  tactical  aircraft  would  send  inter¬ 
rogation  and  guidance  messages  to  the  FT.  The  FT  would  respond  with  a  transmission  which 
permits  the  Class  f  terminals  to  determine  t  a  r  it-  v  and  location  of  the  missile  or  weap¬ 
on.  Updated  guidance  rr  navigation  data,  receive,  from  a  Class  f  terminal,  would  be  pro¬ 
vided  to  the  vehicle  for  guidance  and  control  processing. 


.15-1  | 


t  tu‘  KT .  The  data  contained  In  t  tic  header  field  of  the  message  does  not  contain  TO  A  Infor¬ 
mation  aa  In  a  standard  JTIP.'t  reply  bat  rather  fixed  symbol  patterns.  The  phase  of  the 
mission  profile  determines  which  fix'd  pattern  Is  transmitted.  These  patterns  are  com¬ 
patible  with  the  (lb,  4 )  Keed-ooloman  error  correcting  code  which  Is  required  by  l he  Class 
terminal  for  proper  decoding  of  message  headers. 


/ 


/ 


/ 


\ 


\ 
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HTT  Message  Sync 


Data  Message  Sync  and  Information  '"s| 


Figure  4-p.  FT  Use  of  Standard  JTins  Net 

When  a  type  0  data  message  Is  received,  the  KT  utilizes  the  first.  Id  symbols  of  the 
9 1  symbol  data  field  for  address  discrimination  and  to  establish  data  decode  timing  win¬ 
dows .  N'avlgat  Ion  data  Is  contained  In  11  symbols  and,  after  decoding  and  applying  t  he  ECO 
'■5  serial  Information  bits  are  provided  to  the  vehicle  for  Implementation. 


4 .  1  KUNCT 10NAI,  DEMON.  A  functional  block  diagram  of  TPM's  brassboard  FT  Is  shown  In 
Figure  4-1.  The  expendable  FT  presently  operates  at  the  single  Mode  4  frequency.  How- 
o"er,  for  future  expansion,  a  frequency  synthesizer  Is  Incorporated  In  the  hardware  which 
Is  capable  of  covering  a  lower  port  Ion  of  the  JTIDS  band  In  the  required  stepping  Inter¬ 
vals. 

a.  Receiver  -  The  receiver  is  capable  of  correlat tug  the  JTIDS  waveform  from  an 
Interrogating  Class  P  terminal  and  will  provide  a  pulse  position  modulation 
output  to  the  digital  processor.  The  receiver  has  100  dP  of  blanking  during 
calibration  and  protect  Ion  against  high  power  transmissions. 

A  SAW  matched  filter/demodulator  (correlator)  designed  for  the  .1TTDS  type 
modulation  Is  used.  A  JTIPS  message  structure  was  utilized  which  permitted  a 
SAW  to  he  used  for  synchronization  and  data,  ns  a  low-cost  feature. 

h.  Processor  -  The  processor  uses  a  threshold  detection  technique  for  synchro¬ 
nization.  Pulses  which  are  detected  at  the  output  of  the  SAW  devices  are  1  n- 
puted  to  a  digital  delay  circuit.  Tf  the  proper  sync  address  Is  received, 
pulses  will  be  correlated;  the  threshold  Is  set  to  receive  at.  least  R  pulses 
to  declare  coarse  sync.  A  second  set  of  pulses  Is  used  for  1 Ime  refinement. 

The  time  of  receipt  for  each  of  the  fine  sync  pulses  Is  averaged  to  obtain  t ho 
best  estimate  of  message  timing. 


These  design  tradeoffs  can  be  measureably  affected  by  the  rat  Idly  evolving  logic- 
processor,  and  RK  component  technological  progress  presently  taking  place.  low  cost  high 
speed  microprocessors  and  monolithic  storage,  and  .".AW/CCP  devices  are  examples  of  key 
technology  areas. 

Tlie  IBM-developed  JTIDS  KT  brassboard  Is  an  example  of  cost  consciousness,  simple 
design,  and  practical  technology  exploitation  with  sufficient  modularity  for  added 
functional  growth  where  needed.  IBM  Is.  working  with  various  Pol'  agencies  pursuing 
demonstration  applications  for  KT  class,  terminals. 


The 


advent  of  JTTDB  communications  and  position  location  holds  promise  of  a  re¬ 
volutionary  Improvement  In  combined-arms  battlefield  coordination  giving  commanders  a 
level  of  visibility  and  control  unmatched  by  present  systems.  The  military  services  will 
reap  benefits  from  JT1P.S  to  enhance  real-time  coordination  within  and  bet 
units,  tactical  flexibility  through  mobility,  and  survivability  of 
structure  despite  Jamming  and  battle  losses  In  a  host  1 1 
place,  along  with  the  Class  1,  P,  and  1  terminals 
position  location  available  to  tin 


t  he 


ween  tactical 
command  and  cont rol 
nvironmont..  The  JT1PS  KT  has  a 
In  making  ,'TIPB  communications  and 
wide  spectrum  of  PoP  applications. 
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INTRODUCTION 

The  integration  of  JTIDS  into  a  platform  presents  a  new  twist  to  the  systems  designer  I  or  tins  reason,  a  number  of  developments 
have  been  initiated  to  define  the  nature  and  scope  of  the  interface  required  between  JTIDS  and  the  systcm(s)  it  must  service  on  various 
platforms.  This  chapter  will  touch  on  several  aspects  of  system  integration  and  describe  two  efforts  presently  being  pursued  In  the  Navy 
The  System  l  ab  Test  (SIT),  and  the  engineering  development  model  definition  (I  DMD)  program.  It  is  hoped  that  this  will  provide  tin- 
reader  with  some  insight  into  the  integration  and  application  of  JTIDS  as  well  as  the  nature  of  the  integration  developments  presently 
underway  As  the  reader  progresses  through  the  chapters,  it  will  become  clear  that  many  here-to-fore  independent  functions  w  ill  become 
interrelated  and  new  operational  capabilities  can  be  exploited  that  were  not  possible  before. 


JTIDS  SYSTEM  INTEGRATION 

The  scope  of  the  integration  problem  will,  of  course,  vary  with  the  type  of  platform.  It  can  be  a  stand  alone  unit  on  a  small  non 
N  I  DS  U.  S.  Navy  ship  or  perhaps  a  complex  integrated  terminal  on  a  carrier  (('V)  or  other  platform  exhibiting  heavy  communications 
traffic,  many  colocated  systems,  inertial  navigation  etc.  In  order  to  scope  the  integration  task,  the  JTIDS  terminal  must  be  considered 
from  a  broad  point  of  view.  It  must  be  viewed  from  the  antenna  to  the  man-machine  interface  as  depicted  in  EIG.  I  This  is  to  ensure 
that  the  system  operates  m  the  R!  world  as  well  as  with  proper  integration  of  various  user  system  at  the  baseband  level.  Referring  to 
>  Hi.  1.  the  JTIDS  terminal  is  represented  pictorally  within  the  dotted  lines.  The  box  between  the  terminal  and  the  antenna  represents 
those  fixes  either  in  this  system  or  other  on-board  equipments  to  insure  proper  isolation  between  various  operating  systems.  This,  of 
course,  must  be  done  without  serious  degradation  to  each  of  the  systems  involved.  To  the  far  right  is  the  user  system.  These  so  called 
users,  to  site  some  examples  could  be  voice  circuits,  the  inertial  navigation  systems  (INS),  or  the  (NTDS)  Navy  Tactical  Data  System 
The  interface  block  represents  that  which  is  necessary  to  allow  the  user  system(s)  to  access  the  J  I'll )S  terminal  Before  these  external 
blocks  can  be  designed,  the  systems  designer  must  have  an  appreciation  for  the  JTIDS  terminal.  Previous  sections  have  described  the 
J  TIDS  terminal  being  developed  and  it  will  not  be  repeated  here.  However,  several  points  are  worth  mentioning  again  to  emphasize  how 
JTIDS  is  different  from  conventional  equipment  with  which  systems  designers  have  had  previous  experience. 


FIGURE  I  JTIDS  INTEGRATION  SCOPE 


Hie  JTIDS  terminal  is  an  integrated  Communications.  Navigation  and  Identification  (K’NI)  system  It  is  felt  that  this  system  can 
significantly  impact  fleet  operations  if  the  key  features  of  “UNI”  are  exploited  through  proper  planning  from  the  start  by  the  platform 
developers.  Relative  navigation  (REl.NAV)  provides,  for  example,  a  key  element  to  the  type  of  operation  that  can  be  implemented  because 
it  permits  all  JTIDS  equipped  units  to  know  where  they  are  with  respect  to  other  members  of  the  community.  Hie  identification  feature 
in  conduction  with  RE l  NAV  offers  new  possibilities  for  positive  identification  of  friendlies.  These  features  are  covered  in  a  separate  chap 
ter.  Communications,  on  the  other  hand,  is  an  ICNI  feature  which  is  least  understood  by  those  who  must  use  it 

J  TIDS  is  not  a  radio  in  the  conventional  sense  that  most  communication  system  designers  and  operators  are  familiar  To  the 
contrary,  it  is  as  if  there  were  a  number  of  radios,  with  varying  bandwidth,  which  must  be  set  up  m  a  way  that  provides  for  the  most 
efficient  netting  of  the  JTIDS  equipped  platforms  Consequently,  the  system  designer  must  consider  net  management  techniques  and  the 
determination  of  the  type  of  service  JTIDS  is  to  provide  in  order  to  attack  the  interface  design  problem  That  is  to  say.  lie  channels  to  be 
constructed  must  be  defined  in  addition  to  def  ining  the  specific  interfaces  between  the  various  user  systems  in  terms  of  hand  shaking  logic, 
voltage  levels,  impedance  levels,  etc.  The  creation  of  these  channels  along  with  the  resultant  connectivity  between  platforms  describes  .i 
netting  scheme  with  its  attendant  throughput  rates  and  response  times  The  designer’s  task  becomes  a  tradeoff  between  various  channel 
structure  schemes  in  search  of  one  that  is  best  suited  for  the  application  This  is  the  net  management  task  It  involves  not  just  the  indivi¬ 
dual  platform  but  how  the  elements  of  the  entire  task  force  are  interrelated  It  also  becomes  one  of  the  driving  forces  to  the  interface 
design.  It  is  in  this  sense  that  the  system  integration  effort  departs  from  a  conventional  communications  system  design  task 


i(. : 

lo  illustrate  the  nut  inn  of  defining  a  channel.  consider  an  example  involving  fitlecn  aircraft  liny  need  to  vstal'lish  voice  com 
mumcations  anil  exchange  digital  data  In  addition,  a  relative  navigation  message  must  be  sent  by  eaeli  am  tall  onee  every  second 
IK.  illustrates  a  I  DMA  strueture  with  I  'K  slots  per  second.  lor  tins  disetission.  assume  it  takes  .1  slots  per  seeond  lot  eaeli  an  stall  to 
transmit  the  digital  data  reipnred  Also  assume  that  sixty-three  ((ill  slots  are  needed  to  establish  the  voice  capacity.  One  approach  the 
designer  may  take  is  to  assign  three  slots  to  each  aircraft  as  shown  in  I  II.  ’  I  he  figure  shows  three  per  aircraft  with  slots  one  through 
forty-five  utilized  to  provide  for  all  I  5  aircraft.  Note  that  separate  units  ol  capacity  (slotsl  are  assigned  to  individual  aircraft  It  one 
particular  aircraft  requires  more  capacity,  then  additional  slots  are  assigned 
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Another  approach  could  be  to  establish  slots  one  through  forty-five  as  a  single  channel  This  allows  for  a  faster  ( I S  times  greater) 
exchange  of  data  for  a  single  aircraft,  assuming  that  it  can  transmit  on  the  next  available  slot  out  of  the  4S.  but  now  requires  that  a  proto¬ 
col  be  established  among  the  aircraft  to  manage  this  channel  I  he  voice  channel  has  been  structured  this  way  Again  referring  to  I  Iti  2. 
slots  forty-six  through  one  hundred  and  eight  ( 108)  establish  a  voice  capacity  channel  The  interface  device  buffers  this  data  and  xw  itches 
it  to  the  voice  modem  tor  voice  communications.  I  he  protocol  here  could  be  on  a  first  come  first  serve  basis  similar  to  present  half  duplex 
voice  channels  now  in  use  Slots  It)')  through  1 11  are  assigned  to  the  relative  navigation  function  on  a  by-aircraft  basis  to  provide  lot  a 
position  report  update  once  per  second  The  reader  can  visualize  other  configurations  and  it  can  be  seen  that  the  results  affect  the  nature 
of  the  interface 

The  data  exchange  link  discussed  above  could  require  an  interface  buffer  to  store  and  forward  the  data  from  each  user  to  the  com 
putcr  lor  processing,  depending  upon  the  protocol  that  exists  behind  the  data  link  Establishing  a  functional  channel  to  service  a  computer 
system  in  which  certain  protocols  and  message  standards  are  already  established  is  one  of  the  requirements  that  .1  THIS  must  satisfy  The 
I  ADM  -A-lmk- 1 1  and  I  AOII  -<  -ltnk-4A  data  links  presently  service  Ihe  tactical  data  system  til  the  Navy  and  represent  this  tx  pi*  of  function. 
A  J I  IDS  unit  can  accommodate  both  ot  these  data  link  tunctions  by  establishing  different  data  rate  channels,  as  illustrated  tor  a  different 
case  m  the  sample  above  It  is  this  leature  ot  establishing  different  data  rate  channels  simultaneously  or  of  interrupting  one  to  construct 
another  on  a  priority  basis  that  makes  .1 1  IDS  unique  Irom  the  standard  dedicated  data  link  equipments  presently  employed  In  order  to 
provide  the  reader  with  some  idea  of  what  is  involved  in  the  integration  of  such  a  system,  the  following  paragraphs  will  discuss  the  inter¬ 
lacing  ot  .1 LIDS  to  the  (aeticat  data  system  presently  employed  in  the  IT  S.  Navi 

INTERLACING  WITH  N  I  DS 

In  order  lo  appreciate  the  implementation,  some  discussion  of  N  EDS  itself  and  the  requirements  lor  the  1 1  IDS  interlace  is  needed 
The  Navy  Tactical  Data  System  is  an  existing  information  exchange  and  management  sy  stem  lor  tactical  operations,  that  is  installed  on 
ships,  aircraft  and  ground  sites  It  is  usually  referred  to  as  AIDS  (Air  Tactual  Data  System)  for  aircrat t.  N  IDS  for  shipboard  installations, 
and  Marine  I actical  Data  System  (Ml  DS)  tor  the  Marine  Corps.  TIG.  1.  illustrates  the  matin  components  of  the  tactical  data  svstem.  It 
consists  ol  a  data  link  lor  transmission  ol  Ihe  data,  a  computer  s\  stem  to  process  the  data  in  coniuitclion  w  ith  the  opeiator  commands  and 
a  control  display  through  which  operators  exercise  the  sv  stem 
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It  is  important  that  the  reailet  appreciate  the  relationships  of  the  various  elements  to  each  other  and  the  resultant  impact  they  have 
on  the  options  available  to  the  system  integrator  Again  referring  to  TIG  1.  and  beginning  with  the  data  link  fund  ion.  the  link  protocol 
lor  link  1 1  on  board  Navy  ships  is  essentially  independent  of  the  computer  sy  steur  and  can  be  replaced  To  the  computer .  the  method  ot 
transmission  is  immaterial  so  long  as  its  requirements  are  met  A  new  protocol  (the  liming  and  sequence  in  which  pnilicip.mlx  comtnum 
cate)  ean  be  introduced  again,  so  long  as  the  computer  requirements  are  met  The  computer  however  does  place  some  constraints  on  the 
designer  because  ot  the  design  ol  the  operational  program  and  messages  employed  The  computer  requires  certain  messages  in  accordance 
with  approved  military  standards  To  digress  for  the  moment,  the  criticality  of  message  standards  becomes  deal  if  one  considers  the  prob 
lem  of  communications  between  human  beings  Several  examples  will  illustrate  this  need  Constrict  the  exchange  ot  tactical  data  between 
two  plat  I  onus  where  luel  status  is  to  be  reported  In  order  for  the  computer  sv  stent  to  propeily  interpret  this  data,  the  units  ol  measuie 
must  be  clear  Is  it  "pounds  of  fuel"  or  "time  on  station  remaining'"’  Another  example  concerns  the  understanding  ot  the  command 
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phrase  "engage  a  target."  II  this  command  is  given  with  the  meaning  "keep  track  of  a  particular  target"  intended  hut  the  recipient 
interprets  it  to  mean  "attack"  obviously  a  breakdown  of  communications  results. 

llie  operating  program  within  the  computer  represents  the  heart  of  the  TI)S  and  requires  certain  messages  in  proper  order.  If 
the  requirement  is  not  met  the  input  data  is  rejected.  Consequently  the  system  integrator  must  provide  the  computer  with  the  standard 
message  set  in  the  order  required  by  the  operating  program.  The  requirements  can  have  additional  complications  as  in  link-4  A  where  the 
sequence  of  the  messages  from  various  platforms  is  significant  and  the  timing  of  their  arrival  is  critical  to  the  computer  and  its  resultant 
interpretation.  Consequently  the  computer  section  places  constraints  on  the  adjacent  element  as  to  what  changes  can  be  accomplished 
The  IPS  can  operate  so  long  as  the  data  link  provides  the  transfer  of  data  to  the  computer  in  a  manner  consistent  with  the  operational 
program  in  a  sense  transparent  to  the  user  system.  If  the  design  of  the  operational  program  is  open  to  change,  then  a  tradeoff  can  be 
made  between  the  link/net  design  and  changes  to  the  operational  program  to  obtain  the  overall  performance  that  best  meets  the  system 
requirements. 


SYSTI  MS  RTQU1RTMINTS 

Considering  an  interface  which  is  to  be  designed  in  a  transparent  sense,  the  system  requirements  arc  then  defined  JTIDS  can  pro¬ 
vide  the  data  link  function  for  the  tactical  data  system  (TITS)  by  inserting  it  in  place  of  the  existing  data  link  equipment.  In  order  to 
determine  the  nature  of  the  interface  (i.  e.  simple  replacement  vs  other)  that  will  satisfy  operational  needs,  the  following  constraints  must 
be  placed  on  the  design.  These  are: 

*  No  changes  to  the  existing  TPS  Operational  Program  (transparency) 

*  Conventionally  equipped  units  must  interoperate  with  J  TIPS  equipped  units. 

The  first  is  primarily  a  cost  consideration.  The  operations  program  that  must  be  considered  is  a  configuration  that  will  be  in  the  fleet 
during  JTIDS  operational  implementation.  The  second  stems  from  two  operational  considerations: 

(a)  Operations  involving  an  over-the-horizon  condition  where  no  relay  platform  is  available. 

(h)  Transition  into  the  fleet. 

New  equipment  is  never  introduced  into  the  fleet  all  at  once.  This  results  in  a  mixed  force  which  must  continue  to  carry  on  fleet  opera¬ 
tions.  Both  of  the  above  stated  reasons  lead  to  a  requirement  for  a  design  that  can  handle  both  conventional  and  JTIDS  equipped  plat¬ 
forms.  The  approach  taken  by  the  Navy  is  to  develop  a  test  bed  to  verify  the  compatibility  of  J  TIPS  with  the  Tactical  Data  System  and 
also  to  demonstrate  the  feasibility  of  interoperating  the  conventionally  equipped  platforms  with  J  TIPS  equipped  platforms.  The  program 
charged  with  this  objective  is  the  system  lab  test.  The  description  that  follows  will  serve  to  illustrate  the  nature  of  the  interface  design 
task  required  to  satisfy  these  requirements  The  system  lab  test  will  be  described  followed  by  a  discussion  of  the  implementation  being 
developed. 


SYSTIM  LAB  TTST 

The  system  lab  test  is  a  part  of  the  test  and  evaluation  program  within  JTIDS.  The  purpose  of  this  effort  is  to  develop  the  inter¬ 
laces  necessary  to  test  both  an  integrated  J  TIPS  phase  I  and  phase  II  system  in  a  simulated  operational  environment.  The  test  bed  con¬ 
sists  of  the  use  and  interconnection  of  three  Naval  facilities  on  the  West  (  oast  The  Fleet  Combat  Direction  Systems  Support  Activity, 
(FCPSSA)  San  Diego,  CA.  Naval  Ocean  Systems  Center,  (NOSC)  San  Diego.  CA  and  Pacific  Missile  Test  Center  (PMTC)  at  Point  Mugu, 

(  A.  I  hese  facilities  will  simulate  the  F-2C,  (’V  and  F-14  respectively.  One  of  the  objectives  of  this  configuration  (in  addition  to  TPS 
compatibility)  is  to  demonstrate  the  transmission  of  M-senes  messages  that  are  the  T ACS/TAPS  Joint  Service  and  NATO  approved 
message  standards.  The  F-2C,  CV,  and  1-14  configurations  will  utilize  the  same  basic  software,  written  in  the  CMS- 2  high  order  language 
on  a  modular  basis  and  modified  (input/output  for  example)  as  necessary  for  each  platform  to  meet  platform  unique  requirements.  The 
software  takes  advantage  of  planned  compatibility  with  the  AN/UYK-20  and  AN/AYK-14  Navy  standard  computers.  The  F-2C  interface 
is  designed  to  implement  biway  (biway  is  defined  in  later  paragraphs)  internal  to  the  F-2C  Computer  allowing  for  future  data  communi¬ 
cations  growth.  The  facilities  will  be  interconnected  by  the  use  of  50Kbps  leased  lines  which  will  permit  the  interchange  of  tactical  data 
system  messages  and  voice.  The  three  JTIDS  units  will  sit  back-to-back  with  interconnection  established  al  the  baseband  level. 


APPROACH 

t 

The  system  configuration  chosen  must  satisfy  the  requirements  lor  the  interface  of  JTIDS  with  the  I  PS  as  discussed  previously. 

In  the  configuration  chosen  the  interface  must  handle  M-series  messages  in  two  nets  conventional  and  J  TIPS  for  what  was  previously 
strictly  a  conventional  link-1 1  net.  It  must  also  handle  the  VAR  series  messages  on  link-4A  in  the  same  general  manner  (JTIDS  and  con¬ 
ventional) 

This  handling  of  both  allows  the  interface  to  affect  a  cross  coupling  of  the  information  in  both  net  structures  while  still  satisfying 
the  host  computer.  T  IC  4.  depicts  a  task  force  drawn  to  illustrate  the  dual  operation.  The  ship  designated  “N"  in  the  center  of  the  force 
has  the  configuration  shown  in  FTC..  5,  (as  do  all  the  major  combatants).  To  the  left  of  "N"  arc  ships  linked  together  by  the  current 
link  I  I  roll  call  mode  of  operation  (see  T  IC  4a).  The  other  platforms  are  equipped  with  JTIDS  (ITC.  4b)  w  ith  the  exception  of  one  air- 
cratt  The  intent  of  the  design  is  to  provide  for  an  exchange  of  tactical  information  between  the  two  groups  in  such  a  way  that  both  are 
actively  coordinated  in  real  time  operating  under  a  single  system  protocol.  In  other  words,  the  platform  should  interoperate  as  if  there 
were  one,  not  two,  equipments  functioning  as  the  data  link.  This  function  of  two-way  exchange  between  the  two  groups  for  the  link- 1 1 
M-series  messages  is  called  “netway." 

The  aircraft  shown  at  B  in  ITC.  3b  has  two  aircraft  under  control  B  represents  an  F-2C  with  two  F-I4's  linked  up  for  two-way 
reporting  This  linkup  represents  conventional  link-4A  or  JTIDS  transmission  of  V  A  R  series  messages  depending  upon  the  aircraft  (T-14) 
configuration  Consequently  the  F-2C  must  be  able  to  handle  both  configurations  In  the  previous  discussion  involving  the  netway.  there 
were  two  distinct  net  structures  each  exchanging  tactical  information  among  themselves.  The  netway  here  must  bridge  the  gap  to  allow 
the  entire  group  (both  net  participants)  to  have  the  same  information.  In  the  case  of  link-4,  the  information  is  exchanged  between  the 
controller  (I-2C  or  ship)  and  the  aircraft  Die  problem  is  one  of  the  controller  accessing  two  different  implementations  JTIDS  or 
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conventional,  Fhereforr  the  problem  for  the  interface  is  one  of  routing  the  commands  and  responses  through  either  the  conventional  or 
JTIDS  equipments  (as  opposed  to  "net  way  "-one  of  information  exchange  between  two  net  structures).  This  ability  to  sent  out  conven¬ 
tional  and  J  FIDS  aircraft  messages  is  called  the  biway  function. 
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In  order  to  avoid  confusion  concerning  the  terminology,  some  link  terms  will  be  defined  before  proceeding  with  the  interface 
design  discussion  Within  the  approved  military  standards  are  defined  the  message  standards  and  the  data  link  and  link  protocol.  I  Inis 
FADII  -A  refers  to  the  “M"  series  messages  and  the  link- 1 1.  TADIl  -C  refers  to  the  “V  &  R”  series  messages  and  the  CHI  lmk-4A  data 
link  In  this  chapter  all  references  to  conventional  link- 1 1  will  refer  to  the  M-senes  messages  with  III  link  I  l.  I  ikewise  link-4  will  refer 
to  the  transmission  of  V  A  R  series  messages  and  I'll!  Imk-4A  Current  link  protocols  are  assumed  for  conventional  links  When  the 
.1 1  IDS  link  is  referred  to.  the  exchange  of  M-series  messages  with  whatever  link  protocol  is  defined  w  ill  be  referred  to  as  the  .1 1  IDS  link- 1 1 
or  the  link- 1 1  “function.”  I  or  the  J I  IDS  lmk-4  case,  the  reference  is  to  the  passing  of  V  &  R  series  messages,  again  in  a  J  FIDS  protocol. 
Hie  I -2C  (B)  designation  signifies  the  biway  function.  It  should  be  noted  that  the  ships  also  implement  the  biwav  function  for  fightei 
control  or  hand-off  Again  the  need  to  handle  both  conventional  and  !  FIDS  link  4  is  required  by  the  Control  platform. 

to  recap  lor  the  moment,  we  now  have  defined  two  groups  ot  link-1  1  connectivity,  interoperable  through  the  “netway .”  and  a 
need  for  the  biwav  function  in  certain  ships  and  aircraft  for  aircraft  control,  l  o  facilitate  the  discussion  at  t hi*  point,  let  the  netwax  ol 
I  Hi.  4  also  be  the  net  controller  (NCS-net  control  station).  Considering  I- 1C.  4  as  the  example  to  be  satisfied,  the  approach  implemented 
in  the  SI  I  will  be  discussed  to  give  some  insight  into  what  this  entails. 


SI  F  SYSTEM  CONFIGURATION 


I  he  configuration  chosen  to  implement  the  SI  I  is  shown  in  I;UI.  5  I  his  is  an  advanced  development  configuration  that  will  be 
rcspectfied  for  engineering  development  to  minimize  the  computer  capacity  required  I  hc  USQ-b1*  control /displax  and  CSHOb  magnetic 


tape  unit  are  AN/UYK-20  peripherals  used  to  initialize  ami  operate  the  integrated  system.  Hie  UYK-20  is  programmed  to  handle  a  num 


her  of  functions  the  packing  of  messages  for  transmission  through  JTIDS.  the  routing  through  the  conventional  route,  buffering  ol 
received  JTIDS  messages  including  unpacking  and  formating  for  the  NTDS  computer  etc.  The  netwa^and  biway  functions  are  both  resi¬ 
dent  m  the  computer  and  can  be  implemented  simultaneously  and  independently  of  each  other.  In  addition,  digitized  voice  is  passed 
through  to  the  J  TIDS  units.  The  MX5 24  voice  modems  are  being  used  to  provide  voice  for  the  test  bed. 


LINK  II  OPERATION 

l  or  the  net-way  function,  three  processes  occur 

•  Conventional  link- 1 1  * 

•  Rela>  of  JTIDS  received  data 

•  Transmit  ting  of  ownship  data  and  relay  of  link- 1 1  received  data 

I  kl.  n  shows.  pictoralK .  the  process  referred  to  lire  figure  illustrates  the  transmitted  data  only  for  NCS  iti  the  center  arid  also  for  ail 
picket  units.  (All  participants  except  for  the  NCS  are  called  picket  units. )  Not  shown  is  that  every  picket  unit  transmission  is  received  by 
all  pickets  in  the  group,  as  well  as  b>  the  NC'S  The  NCS  receives  and  stores  for  retransmission  all  received  data  to  lx*  relayed  at  the  proper 
time  Since  the  two  groups’  tJ  I  IDS  and  conventional)  transmissions  are  neither  time  synchronous  nor  of  the  same  protocol,  flic  relative 
position  ol  the  picket  response  or  NCS  transmission  between  the  two  groups  is  not  synchro'hvred  as  it  may  appear  in  I  1C  i  (»  Lite  J  LIDS 
sequence  is  lor  illustration  of  the  concept  only.  Conceptually,  the  process  shown  consists  of  the  UYK-20  allowing  the  NCS  Data  Terminal 
Set  (DI  S)  to  roll  call  the  link- 1  I  Picket  Units  (Pit’s)  m  the  conventional  manner  (as  in  HC»  4a)  followed  by  ownship  information  Own- 
ship  information  is  transmitted  on  both  J  TIDS  and  HI  link- 1 1.  f  ollowing  ownship.  the  NCStclays  the  JTIDS  received  data  on  conven¬ 
tional  link  I  I  to  the  conventionally  equipped  PC’s.  Through  its  JTIDS  unit,  the  NCS  transmits  the  link  1 1  PI’  data  to  the  JTIDS  pickets. 
The  forwarding  PC  procedures  are  in  accordance  with  operational  procedures  for  relax  Several  comments  are  needed  for  clarification 
As  the  NCS  relays  JTIDS  received  data  to  the  link- 1  I  pickets,  it  also  sends  it  to  its  own  NTDS  computer.  The  N  TDS  program  on  hoard 
the  J 1  IDS  equipped  pickets  w  ill  not  be  able  to  distinguish  a  change  front  normal  link-1 1  operations.  Hus  is  true  in  the  sense  that  the  M- 
sertes  messages  transmitted  on  JTIDS  are  packed  and  unpacked  by  the  UYKOO  and  sent  to  the  computer  (N  TDS)  at  a  rate  and  in  a 
sequence  that  satist ies  the  N  TDS  computer  protocol. 


I  ICl’RI  o  I  l\l  I)  SCOT  PROTOCOL  II 1  USTRATION 

l  INK-4  OPERATIONS 

I  Vr  the  vectoring  and  control  of  fighter  aircraft  and  exchange  of  track  data  from  the  1-14.  the  operator  sets  up  his  aircraft  addresses 
as  is  currently  done.  The  UYK-20  is  told  which  address  refers  to  JTIDS  and  which  addresses  are  conventionally  equipped  aircraft.  The 
conventional  protocol  has  the  I  >C  (or  ship)  addressing  the  aircraft  sequentially  and  receiving  the  response  in  sequence.  On  this  basis,  the 
interface  needs  only  to  act  as  a  traffic  manager.  Since  J  TIDS  affords  the  possibility  of  increasing  both  data  rates  and  types  of  data  sent, 
the  s>  stem  designer  lias  the  option  of  designing  a  separate  asynchronous  net.  This  however,  is  another  problem,  outside  the  scope  of  this 
discussion  (see  IV.  B  ) 


JTIDS  INTERFACE  UNIT 

The  purpose  of  the  interface  unit  is  to  accept  control  and  message  data  from  the  JTIDS  terminal  in  serial  format  and  perform  the 
required  data  buffering  and  conversions  required  to  transmit  the  received  JTIDS  data  to  the  UYK-20  ( see  MU.  7).  The  reason  for  this  is 
that  the  rate  of  input  from  the  JTIDS  does  not  match  the  acceptance  rate  of  the  UYK-20.  Another  reason  is  that  of  the  slot  management 
required  to  access  the  unformatted  (five  test)  message  port 


* 


AN/UYK  20  COMPUTER 


JTIDS  INTERFACE  UNIT 


JTIDS  TERMINAL 


ODR  LINE 

OA  LINE 

OD  LINES  06) 

* 

EF A  LINE 


EXTERNAL 
INTERRUPT  REQUEST 


INPUT  DATA  REQUEST 


INPUT  DATA  ACKNDGE 


.INPUT  DATA  LINES  (16) 


SHIFT  CLOCK  R/W 

ADDRESS  (4)  ; 

SERIAL  OUTPUT  DATA 

"  CONTROL  DATA  AVAILABLE 

*  MESSAGE  DATA  AVAILABLE 

SERIAL  DATA  IN 

TIME  MARK  INTERRUPT 

i  >i  . .  mi 

—  i  ii  1 1 

SERIAL  OUTPUT  DATA 

FREE 

TEXT 

MESSAGE 

PORT 

FTMP 


FIXED 

FORMAT 

MESSAGE 

PORT 

FFMP 


I  k;uri  7  comih' U  K  Jims  n  rminai  inti  rt ait  communications 

Previous  chapters  dealt  with  the  JTIDS  unit,  it  *s  different  message  entry  ports  and  the  interim  message  specification  (1JMS)  The 
interface  in  Flli.  must  he  capable  of  accessing  either  port  in  order  to  operate  with  units  utilizing  the  l  ived  Format  Message  Poit  tl  IMP) 
as  well  as  the  free  text  port  (FTMP  see  1  IG  7)  and  to  initiate  the  terminal  through  the  I'SQ-o1*  Control  Display  Dus  particulai  inter 
face  is  designed  for  the  AN  URQ-'S  J11DS  tenmnal  (see  II  D.(2).a)  with  the  system  lab  test  in  mind  The  tree  text  port  is  being  used  foi 
this  integration  example  lor  both  voice,  link-4  and  link  1 1  as  defined  lor  the  netway  and  biwav  concepts.  To  give  the  reader  some  idea  ol 
the  buffer  size,  the  (Jll1)  interface  for  this  example  would  have  a  maximum  capacity  of  47  words  ot  l<>  bits  each  (J  TIDS  to  l  A  k  70)  ami 
bl  words  UYk-70  to  J  TIDS 


LINK  PROTOCOL 

The  method  of  slot  assignment  bears  on  the  link-l  I  (J  TIDS  and  conventional  combined)  net  cycle  time,  response'  time,  access 
time  etc.  and  impacts  the  resultant  message  staleness  The  interaction  of  the  number  of  picket  units,  their  relative  data  content,  the  mix 
of  JTIDS  to  conventional  units  all  affect  the  aforementioned  parameters.  Additional  .  the  content  (numhci  of  tracks  for  example)  ot 
each  participating  unit  is  not  the  same;  consequently  a  fixed  slot  assignment  for  each  unit  large  enough  to  accommodate  a  maximum 
requirement  would  be  grossly  inefficient.  Simulation  of  various  combinations  of  picket  units  and  track  load  distributions  pun  ides  a  guide 
as  to  the  type  of  slot  structures  that  can  be  considered  for  proper  response  to  the  tactical  situation  of  the  ll,l)0's.  During  the  SI  I  testing, 
several  different  slot  assignment  schemes  will  be  investigated.  The  conventional  roll  call  mode  will  be  one  of  the  configurations  demon 
st  rated. 


STATUS 

The  configuration  shown  in  I '1C  • .  5  for  the  GY  as  well  as  a  similar  configuration  for  the  T-.'C  and  F-14  aircraft  test  bed  will  be 
ready  for  multi-platform  testing  in  late  147^.  Hie  schedule  calls  for  test  data  to  be  ready  to  support  a  decision  process  foi  engineenng 
development  in  |4g() 

The  implementation  discussed  in  this  chapter  dealt  with  l'DMA  phase  J  TIDS.  For  phase  II  DT’DMA.  the  system  lab  test  will 
exercise  the  same  three  facilities  and  although  the  test  phase'  is  not  fully  defined  as  of  this  writing,  will  exploit  the  additional  flexibility 
inherent  in  the  DTDMA  concept.  The  phase  1  tests  will  exercise  link -4.  link- 1 1  and  voice  to  verify  the  ability  to  operate  the  netway  and 
biway  functions  as  well  as  interfacing  the  tactical  data  systems 

For  phase'  11  testing.  TDS  compatibility  will  again  be  demonstrated  In  addition,  however,  other  features  will  be  demonstrated 
such  as  voice  conferencing  and  high  data  rate  priority  interrupt  channels  that  an  Anti-Ship  Missile  Defense  (ASMD)  or  Ou  r  the  llonzon 
Targeting  (OTH)  scenario  require.  The  scope  of  this  simulation  will  depend  upon  cost  and  schedule  constraints 

A  configuration  being  evaluated  in  the  system  lab  test  in  addition  to  the  I  I  14  and  NTDS  ship  is  that  ot  the  non  N  I  DS  plat 
form.  The  JTIDS  terminal  with  a  graphic  control  display  will  be  evaluated  as  a  pseudo  picket  unit.  Since  the  .1  TIDS  media  altv.uh  has 
voice  and  the  tactical  data  message  system  on  the  air.  a  unit  configured  as  in  Fill.  S  can  receive  link  I  1  data  toi  example  Since  all  1 1  IDS 
platform  have  relative  navigation,  a  display  of  all  link  I  1  tracks  held  in  the  net  can  be  displayed  on  a  scope  ivl.it ive  to  the  non  N  TDS  unit 
A  unit  such  as  shown  in  FKJ  5  can  designate  a  target  to  this  unit  and  new  tracks  can  be  entered  manualh  into  the  net  through  the  non 
NTDS  JTIDS  unit 
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INlilNHRINC  DPVELOPMINI  MODI  l  (I  DM )  DIM  NIHON  PROCRAM 

I'hc  next  step  m  the  orderly  development  ot  JTIDS  is  that  of  engineering  development  HO  illustrates  the  relationship  ot  the 
advanced  development  and  related  efforts  to  the  decision  point  (Defense*  System  Acquisition  Review  C  ouncil  DSARC -milestone  two) 
to  enter  engineering  development  lhe  previous  sections  discussed  the  system  lab  test  and  presented  an  approach  lor  the  integration  of  a 
Phase  I  advanced  development  J I  IDS  terminal  with  N  I  DS  Hus  effort  provides  insight  into  the  problems  and  risks  associated  with 
system  integration  Nevertheless,  it  is  intended  as  a  test  bed  and  will  contribute  to  the  final  design  and  the  testing  ot  the  tmal  design  in 
the  test  and  evaluation  phase  ot  the  program 
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It  becomes  obvious,  however,  that  an  interface,  depending  upon  the  type  of  service  required,  can  be  handled  b>  various  methods 
ti  e  .  microprocessor,  minicomputer,  etc.)  It  also  appears  that  this  processing  could  be  designed  into  the  JTIDS  terminal  ot  considered 
an  external  device  I  lus  decision,  the  nature  and  scope  of  the  interface  and  its  variance  of  complexity  w  ith  respect  to  different  platforms 
must,  insofar  as  they  impact  the  .1 1  IDS  design,  be  determined  prior  to  the  definition  of  the  engineering  development  model  I  here  are  a 
number  ot  efforts  underway  to  describe  the  operational  configuration  for  ships  and  aircraft  Pile  I  DM  definition  program  is  one  ot  these 
It  is  designed  to  identify  shipboard  problems  and  assess  the  impact  these  problems  will  have  on  the  J I  IDS  terminal  design  In  addition,  it 
will  provide  the  data  necessary  to  insure  an  orderly  transition  onto  Navy  surface /sub-surface  platforms 


PROCRAM  DESCRIPTION 

\s  of  this  writing,  the  program  is  mst  underway  It  consists  of  a  number  id  tests  and  analy  sis  efforts  to  define  the  engineering 
development  model  (1  DM)  of  J  FIDS  for  shipboard  use*  as  well  as  the  functional  configuration,  tor  various  suiface  subsurface  platforms 

l  he  areas  of  investigation  as  shown  in  Mil  10.  consist  of  three  general  areas  Die  K!  environment  deals  with  the  outside  (topside) 
platform  environment,  l  he  specification  area  deals  with  the  infernal  platform  oriented  problems  and  the  actual  generation  ot  lhe  specili 
cation,  and  the  third  area  deals  with  a  number  of  tasks  necessary  to  define  the  s\  stem,  its  requirements  and  alternate  solutions 
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rill-  approach  ts  I.'  lit- fine  tlu-  type  of  service,  the  mterplatform  connectivity  requirements  ami  the  platform  user  systems,  in  order 
to  establish  the  base  from  which  the  interface  design  tradeoff  analysis  can  be  conducted  In  a  parallel  effort,  the  impact  of  environmental 
requirements  on  the  1  MI'S  design  as  presently  configured  te  g  CO  located  VACAN  beacon)  will  tv  assessed  from  these  analyses,  surface 
subsurface  needs  can  be  identified  and  the  platform  configuration  ol  J  VIPS.  including  interlace  antenna  and  man-machine  interfaces  can 
be  determined  and  evaluated.  I  his  allows  I oi  a  logical  development  of  birth  .1  TIPS  and  those  modifications  that  may  be  required  of  the 
user  platforms  with  the  intent  to  minimize  the  transition  impact  on  naval  operations. 

from  an  architectural  point  ol  view,  the  net  management  concept  thou  ml  e :  plat  t  or  111  information  is  handled  channel  net  pro¬ 
tocols)  and  user  service  (how  much  of  what  type  ol  information)  impact  most  heavily  on  the  interface  design,  the  installation  on  a  platform 
and  the  impact  ol  the  type  ot  terminal  (Phase  I  oi  Phase  II)  (hat  is  selected  1  he  objective  of  this  program  is  to  identify  the  requirements, 
design  alternatives,  surface  ubsurface  needs  and  from  this  data  to  define  the  surface  subsurface  I  PM  design(s)  using  the  existing  J  PIPS 
design  as  a  springboard  I  lie  obiecttve  is  to  maintain  commonality  across  platforms  to  the  maximum  extent  possible  Phe  program  has 
been  structured  to  provide  the  necessary  data  in  tune  tin  the  PSARC  II  decision  privess.  Additionally,  in  conjunction  with  other  programs, 
critical  items  will  have  been  identified  and  lest  data  made  available  to  demonstrate  feasibility  where  applicable  Pser  needs  and  installation 
problems  will  have  been  addressed  prior  to  the  manufacture  of  engineering  development  models  m  order  to  minimize  life  cycle  costs  and 
inctease  the  probability  ot  meeting  unit  cost 


SI  MM  AKA 

I  he  intent  ot  this  chaplet  is  to  impress  upon  the  reader  the  different  nature  of  .1 11PS  anil  a  need  for  a  proper  integration  if  J  VIPS 
is  to  be  exploited  to  the  tidiest  I'he  SI  V  approach  provides  some  insight  into  the  nature  ol  an  integration  w ith  the  tactical  data  system 
1  hose  lanuliat  w it h  the  tactical  data  s\  stem  can  appreciate  the  potential  improvement  in  l"  possible  through  the  exploitation  of  J I  IPS 
bv  Inline  I  PS  systems  I'lie  two-pronged  approach  iSl  I  in  parallel  w  ith  the  I  PMP1  to  prepare  for  engineering  development  is  to  insure 
a  sound  engineering  design  (Critical  items  will  have  been  identified  and  test  data  made  available  to  demonstrate  feasibility  in  critical  areas 
1'sei  needs  and  installation  problem  will  have  been  addressed  prior  to  the  manufacture  of  engineering  development  models  which  should 
keep  the  total  life  cycle  costs  down  and.  increase  the  probability  of  meeting  unit  cost  goals  )  Other  programs  for  aircraft  and  ground  site 
integration  which  cannot  be  addressed  in  this  chapter  are  also  underway  in  order  to  provide  all  the  data  necessary  to  facilitate  the  decision 
process  toward  a  final  design  Details  on  the  SI  I  implementation  can  be  found  in  documents  listed  in  the  bibliography  following  this 
chapter  It  is  hoped  that  this  chapter  will  help  the  reader  to  understand  the  utilization  and  application  of  J  VIPS  from  either  a  designer's 
or  operational  usei's  point  of  view 
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SUMMARY 

The  Joint  Tactical  Information  Distribution  System  (JTIPS)  is  a  tri-seivice,  multi- 
channel,  mult i- funct ion  system.  During  Phase  1,  a  new  Time  Division  Multiple  Access 
(TPMA)  channel  (JTIPS  1)  was  mt loduced  t o  handle  total  connectivity  information  distribu 
t ion  for  digital  communications  and  relative  navigation.  Distributed  TPMA ,  an  approach  to 
JTIPS  Phase  II  (JTIPS  II)  expands  this  capability  by  providing  increased  data  rate  capa¬ 
bility  and  additional  C-N-l  tunction.  PTPMA  also  develops  a  channel  architecture  to  permit 
a  single  terminal  tv'  part icipate  concurrent ly  m  mult iplc  independent  functions  or  network 
which  have  the  flexibility  to  be  structured  and  organized  in  a  manner  tv'  efficiently  meet 
the  broad  spectrum  ot  tactical  informat lon-d i st r ibut ion  operational  requirements.  JTIPS  ll 
PTPMA  is  compatible  with  and  includes  the  TPMA  function  of  JTIPS  l  which  becomes  one  of  the 
channel  structures  available  tv'  system  users. 

ITT  Avionics  Division  is  currently  developing,  under  JTIPS  Joint  Program  Ot  t ice  Naval 
Ait  Development  Center  eontraets,  Command  Control  and  Tactical  Tighter  Terminals  with  the 
JTIPS  ll  PTPMA  architecture.  Those  current  ITT  Avionics  dove  loprvent  s  ct  the  JTIPS  Phase  ll 
PTPMA  system  have  a  firm  technical  base  established  by  previous  program  developments  m  the 
area  of  CN I  multi-purpose  systems.  These  related  deve  lopment  s  operated  at  l.x-Band;  estab¬ 
lished  the  low-duty  signal  structures  and  the  Reed-Solomon  code:  pel  termed  commur.  i  cut  lons- 
navigat  ion-  nient  it  icat  ion  turret  ions  concurrent  ly  ;  and  utilized  new  avlvanced  processing  tech¬ 
niques  and  algorithms  which,  are  directly  applicable  t o  JTIPS  ll  PTPMA. 

JTIPS  ll  PTPMA  is  a  proposed  solution  tv'  meeting  t  he  broad  range  ICNl  requirements  tv't 
next  generation  tactical  commurui-cont  rol-commtirt  u\tt  ions  ,  precision  navigation  and  positive 
ivient  1 1  icat  ion . 

The  utility  of  this  PTPMA  technique  is  shown  in  its  application  tv'  the  JTIPS  l l  PTPMA 
requirements  for  a  C*  ICNl  system.  This  is  hiqhliqhtod  in  the  common  informat  ion  medium 
(band  chmnel)  usage  of  a  large  number  of  "St  at.  ist  ical  ly  Orthogonal"  *  t  line- t  tequenev  -  phase 
code  ce l l  patterns.  It  will  he  shown  that  a  large  number  ot  C'  ICNl  users  functions  can 
simultaneously  and  independently  access  the  intormat ion  channel  with  an  acceptably  low 
probability  of  mutual  interference.  The  signals  developed  via  this  PTPMA  technique  are 
noiselike  in  their  distribution  and  any  mutual  interference  is  readily  accommodated  by  well 
developed  error  protect  ion  techniques. 


1.  INTRODUCTION 
l . 1  BACKGROUND 

The  necessity  for  ma  ior  improvements  it\  tactical  aeronautical  command- con  t  to  l -conuv.un  i  - 
cat  ions  (C*),  navigation,  and  identification  has  become  apparent .  Military  aircraft  and 
related  weapon  systems  can  no  longer  be  depended  upon  tv'  pertorm  effectively  in  the  current 
and  postulated  threat  environment  without  improvement  in  the  quality  ot  their  CM  systems, 
secure,  ant i- )amnung  digital  communicat ions  are  essential  to  efficient  command  and  control. 
In  addition,  flexible  highly  accurate  relative  navigation  is  required  tv'  complement  the 
present  geodet ic  and  sel f-cont ained  systems  to  satisfy  the  multi-mission  requirements  ot 
the  highly  mobile  tactical  environment. 

When  these  requirements  are  examined  in  the  light  ot  funding  and  spectrum  constraints 
and  with  the  realization  that  the  use  of  existing  CN l  systems  will  cont itnie  tot  at  least 
another  decade,  the  problems  ot  developing  and  implementing  a  new  system  are  complex. 

To  appreciate  the  added  command  and  control  capability  that  a  distributed  communicu- 
t ion  link  (such  as  PTPMA  JTIPS  ll)  offers  the  tactical  military  community,  a  brief  review 
of  operational  tactics  is  required. 

The  nature  of  the  mu 1 1 i -plat  form  command  and  control  communicat ions  (C *)  problem  in¬ 
volves  real-time  coordination  of  many  diverse  user  terminals.  Each  of  these  part icipat \ng 


Mutually  exclusive  on  a  statistical  basis. 


terminals  has  specific  functions  which  relate  to  specific  requirements.  It  is  clear 
that  a  large  central  command  platform  such  as  an  aircraft  carrier  has  substantially  dif¬ 
ferent  needs  than  a  tactical  fighter  terminal  or  an  expendable  missile  terminal. 

To  date,  conventional  communication  system  designs  which  address  the  C3  problem  in 
light  of  these  diverse  requirements  provide  a  compromise  solution.  This  compromise  usually 
favors  the  more  sophisticated  terminal  requirements  and  penalizes  the  tactical  and  reduced 
requirement  users  with  an  unnecessary  system  capability  and  hence  excessive  expense.  In 
JTIDS  II/DTDMA  the  performance  can  be  tailored  to  specific  needs,  thus  resulting  in  a  more 
consistent  cost/requirement  relationship. 

Many  of  the  platforms  involved  in  typical  tactical  communications  or  mission  scenarios 
have  very  specific  connectivity  relationships.  The  ability  to  operate  as  groups  of  termi¬ 
nals  on  specific  functionally  connected  nets  or  communities  is  highly  desirable  and 
efficient. 

Figure  1  shows  the  JTIDS  II/DTDMA  Integrated  CNI  operational  utilization  concepts. 

Doth  large  command  terminals  and  austere  manpack  terminals  are  included.  The  full  comple¬ 
ment  of  COMM-NAV-IDENT  is  provided.  From  Figure  1  we  highlight  the  basic  capabilities 
for  secure  and  anti-jamming  digital  data  and  digital  voice.  Precision  relative  navigation 
and  conventional  TACAN  navigation  is  included.  A  combination  of  the  digital  data  and  pre¬ 
cision  navigation  is  utilized  for  coordinated  EW  operations. 

To  meet  the  expanding  scope  of  modern  tactical  requirements,  the  DoD  has  currently 
under  development,  as  part  of  a  tri-service  C3/ICNI  system,  the  Joint  Tactical  Information 
Distribution  System  (JTIDS) .  The  initial  JTIDS  implementation  developed  a  TDMA  approach. 
The  second  phase,  JTIDS  II,  is  developing  a  Distributed  TDMA  as  a  candidate  solution. 


Figure  1.  JTIDS  II/DTDMA  -  Integrated  CNI  System  Operational  Concept 


1.2  DISTRIBUTED  TDMA  OVERVIEW 

Distributed  Time  Division  Multiple  Access  is  a  technique  that  employs  low  duty  cycle 
pulses,  pseudo-randomly  distributed  in  the  time-frequency-phase  code  domain.  This  T-F-C 
ambiguity  is  maintained  for  all  the  C-VlCNI  functions  on  a  pulse-by-pulse  basis,  thereby 
greatly  enhancing  random  user/function  access. 

DTDMA  signal  structure  flexibility  permits  a  system  architecture  which  can  be  tailored 
to  the  composition  of  the  particular  communications  being  sent.  Rigid  time  separation  is 
not  required,  so  messages  are  not  constrained  to  any  slot  of  fixed  time  duration.  Conse¬ 
quently,  a  message  uses  only  that  portion  of  the  system  capacity  which  is  actually  re¬ 
quired,  permitting  system  resources  to  be  used  and  reallocated  with  maximum  efficiency. 

This  approach  also  permits  the  system,  its  channels  and  its  terminals  to  be  configured 
with  soft  capacity  limits.  The  statistical  nature  of  distributed  signal  structures  is  such 
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•  MAXIMUM  THREE  DIMENSIONAL  AMBIGUITY  (PULSE  TO  PULSE) 


•  FREQUENCY  PSEUDO  RANDOM  SELECTION 

•  PHASE  CODE-PSEUDO  RANDOM  SELECTION 

•  TRANSMISSION  TIME-PSEUDO  RANDOM  SELECTION 


Figure  2.  Time-Frequency-Code  Ambiguity 


2.1.1  Basic  Event  Interval 

Each  channel  design  for  DTDMA  employs  pulse  patterns  derived  from  a  sequence  (or  system) 
timing  source  producing  78,125  contiguous  events  per  second.  Each  event  interval  (12.8 
microseconds)  is  unique  and  is  associated  with  a  specific  discrete  value  of  sequence  time 
and  a  corresponding  pseudo-randomly  (PR)  generated  event  (binary)  codeword. 

Assigned  bits  of  this  PR  code  word  for  each  of  the  12.8  ys  intervals  or  events 
(78,125  per  second)  will  uniquely  define  all  signal  and  channel  parameters. 

The  following  key  channel  parameters  are  determined  from  the  PR  code  words  for  each 
event: 

•  Transmission  Event 

•  Reception  Event 

•  Unused  Event 

If  the  event  is  scheduled  for  either  transmission  or  reception,  the  following  addi¬ 
tional  parameters  are  extracted  from  the  PR  code  word: 

•  PR  Transmission/Reception  Time 

•  RF  Carrier  Frequency 

•  PR  Chip  Modulation  Code 

•  Data  Event  or  Synchronization  Event 

•  PR  Data  Scrambling 

Figure  3  presents  a  simplified  example  of  PR  event  code  usage. 

If  all  terminals  operating  on  a  particular  net  are  at  the  same  discrete  value  of  time, 
the  same  codeword  is  generated  at  all  terminals  at  this  time.  Multiple  nets  are  created 
when  several  sequence  timing  chains  (or  net  times)  are  offset  in  real  time  from  each  other. 
For  a  terminal  to  participate  in  multiple  nets,  these  offsets  from  its  own  (terminal) 
clock  must  be  determined.  By  computing  these  time  offsets,  a  terminal  is  able  to  develop 
replicas  of  other  net  times  and  thereby,  generate  the  appropriate  event  codes  associated 
with  these  nets. 
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•  SPECIFIC  BINARY  SUB  GROUPS  OF  EVENT  CODE  ARE  DESIGNATED  FOR 
SPECIFIC  FUNCTIONS 


110010101100011110  ...  10001011010011000111 


•  ALL  TERMINALS  WITH  SAME  CODE  OF  DAY  WILL  INTERPRET  THE 
SPECIFIC  BINARY  SUB  GROUPS  IN  AN  IDENTICAL  MANNER 


011001011 
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EVENT  TYPE 


•  ALL  TERMINALS  WITH  IDENTICAL  TIME  OF  DAY  AND  INITIAL  CODE 
WILL  GENERATE  IDENTICAL  EVENT  CODES  FOR  EACH  EVENT  INTERVAL 


Figure  3.  Pseudo-Random  Event  Code  Usage 
2.2  GENERIC  SIGNAL  TYPES 

Before  proceeding  with  a  more  detailed  discussion  of  the  DTDMA  Modular  Channel  con¬ 
cept,  some  definition  of  generic  signal  types  is  required. 

Signals  transmitted  on  various  types  of  JTIDS  II/DTDMA  channels  are  selected  from  a 
generic  set  of  signal  types.  They  include  various  kinds  of  synchronization  signals,  net 
entry  signals  and  data  messages.  Before  describing  these  signals,  it  is  helpful  to  des¬ 
cribe  the  specific  JTIDS  II/DTDMA  pulse  structure  basic  to  all  of  these  signals. 

The  principle  unifying  element  that  makes  compatible  integration  of  C,  N,  and  I  func¬ 
tions  feasible  is  the  low  duty  pulse  signal  structure.  This  choice  comes  from  ITT  Avionics’ 
broad  background  of  experience  with  pseudo-random  low  duty  signals  which  are  basic  to 
Tacan,  IFF,  Air  Force  Cooperative  Countermeasures  Link  and  the  Navy  ITACS  Demonstration 
systems.  Whereas  the  Tacan  (Gaussian)  and  IFF  (rectangular)  pulse  shapes  and  pulse  dura¬ 
tions  are  determined  by  existing  specifications  for  each,  the  pulse  structure  for  the  other 
CNI  functions  (A/J  Communications  and  Precision  Navigation)  had  to  be  selected.  After  con¬ 
siderable  discussion  among  representatives  from  the  armed  services  and  industry,  a  spread 
spectrum,  PR-coded,  6.4-microsecond  duration  rectangular  pulse  was  selected.  This  choice 
was  based  on  trade-off  considerations  between  large  A/J  processing  gain,  transmitter  duty 
factor/peak  power  capabilities,  co-band  intrasystem  and  intersystem  interference  rejection 
capabilities,  and  denial  of  frequency  tracking  jamming  strategies.  Therefore,  the  JTIDS 
II/DTDMA  signal  structure  consists  of  three  types,  as  follows: 

Type  I:  Gaussian,  3.5  microsecond  (Tacan) 

Type  II:  Rectangular  (IFF) 

0.5/0. 8  microsecond,  Interrogations 
0.45  microsecond.  Replies 

Type  III:  Rectangular  (A/J  comm,  Precision  Nav) , 

Spread  Spectrum,  Coded,  6.4  microseconds 

Since  Type  I  and  Type  II  are  well  defined,  emphasis  will  be  provided  on  describing  the 
Type  III  pulse. 

The  basic  Type  III  (Figure  4)  pulse  is  of  6.4  microsecond  duration,  spread  in  spectrum 
by  a  phase  modulation  code  of  32  chips,  with  each  chip  of  200-nanosecond  duration.  The 
carrier  frequency  is  pseudo-randomly  selected  from  150  frequencies,  within  the  Lx-Band  of 
960-1215  MHz,  and  hopped  from  pulse-to-pulse .  Guard  bands  about  the  IFF  frequencies  of 
1030  and  1090  MHz  are  excluded  as  are  the  guard  bands  at  the  upper  and  lower  band  edges. 
These  pulses  are  used  for  the  functions  of  synchronization,  ranging  and  data  transfer. 

The  PR  modulation  codes  for  synchronization  and  ranging  are  pseudo-randomly  selected 
and  vary  from  a  random  selection  of  32  chips,  to  a  specific  chip  sequence  selection  from  a 
set  of  codes  with  good  one-shot  auto-correlation  (sidelobe)  properties.  The  choice  depends 
on  the  mode  of  synchronization  (coarse  or  fine)  and  the  A/J  and  spoofing  protection  re¬ 
quired.  The  PR  code  for  data  is  one  from  the  set  of  good  cyclic  code  shift  keyed  (CCSK) 
sequences,  characterized  by  low  cross-correlation  between  all  of  its  cyclic  shifts.  The 
data  code  is  one  of  the  31  chip  maximal  length  sequences  augmented  by  an  additional  chip 
and  is  identical  to  the  sequence  used  in  TDMA  (See  IVA) . 

The  JTIDS  II  signal  structure  may  be  characterized  as  belonging  to  the  class  of 
frequency-hopped,  time-hopped,  pseudo-noise,  multiple-access  waveforms. 
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Figure  4.  Basic  JTXDS/DTDMA  Type  III  Pulse 

2.2.1  User  Source  Synchronization  Signal  (C) 

User  source  synchronization  signals  designated  as  (C)  are  Type  III  pulses  associated 
with  the  Basic  Events  of  a  unique  signal  Basic  Low  Event  Rate  Subchannel  (BLS)  which  is  as¬ 
signed  to  each  terminal  of  a  net  for  its  transmissions  only.  User  source  synchronization  is 
used  by  receiving  terminals  to  maintain  tracking  of  the  expected  time  of  arrival  for  each  net 
member.  The  C  pulses  are  generated  at  an  average  rate  of  about  5  Hz  and  occur  pseudo- 
randomly  in  time.  The  RF  frequency  and  the  phase  code  of  each  C  pulse  are  selected  pseudo- 
randomly  from  the  bits  of  the  PR  codeword  associated  with  the  Basic  Event. 

2.2.2  Message  Start  Signal  (MST) 

The  message  start  signal  designated  as  (MST)  is  part  of  a  synchronization  preamble 
and  is  used  to  signify  by  its  detection  that  a  message  is  to  follow.  It  is  always  as¬ 
sociated  with  a  channel  access  opportunity,  i.e.,  a  Message  Start  (M) ,  and  is  a  sequence 
of  Type  III  pulses  which  are  generated  and  transmitted  at  a  rate  determined  by  a  Basic  or 
Composite  Channel  event  rate  for  a  specific  channel  design.  The  parameters  of  these 
Type  III  pulses  are  similar  to  that  of  the  C  pulses  and,  thus,  the  receive  timing  accuracy 
is  maintained. 

The  MST  signal  is,  in  general,  made  up  of  two  parts:  Message  Start  Signal-A  (MSA) 
and  Message  Start  Signal-B  (MSB) .  Either  MSA  and  MSB  are  both  used  or  only  MSB  is  re¬ 
quired.  For  closed  community  channels,  in  which  all  users  are  tracking  each  other’s  C 
pulses  and  thereby  maintaining  an  accurate  measure  of  expected  time-of-arrival  (TOA) ,  the 
shortened  message  start  signal  consisting  of  only  MSB  is  used.  For  open  community  chan¬ 
nels,  without  user  source  synchronization  tracking  where  no  expected  TOA  is  available, 
the  full  MST  signal  consisting  of  both  MSA  and  MSB  is  used  to  enable  a  receiving  terminal  to 
search  out  the  range-time  uncertainty  Between  transmitting  and  receiving  terminals. 

2.2.3  Message  Fine  Synchronization  Signal  (F) 

The  message  fine  synchronization  signal  (F)  when  transmitted  following  the  MST  sig¬ 
nal,  forms  the  second  part  of  the  synchronization  preamble.  When  transmitted  alone,  with¬ 
out  the  MST  signal,  it  is  the  total  synchronization  preamble.  The  F  signal  is  also  asso¬ 
ciated  with  a  Message  Start  M  and  is  transmitted  at  the  channel  event  rate  of  a  Basic  or 
Composite  Channel  for  a  specific  design.  The  F  signal  is  used  through  a  tracking  loop 
and  averaging  process  to  improve  the  received  pulse  timing  accuracy  to  a  level  which  is 
required  to  demodulate  data. 

The  F  signal  is  comprised  of  two  parts:  Fine  Synchronization  Signal-A  (FSA)  and  Fine 
Synchronization  Signal-B  (FSB) .  The  FSA  signal  is  used  to  improve  the  time-of-arrival 
C’OA)  synchronization  accuracy  of  the  received  pulses,  and  to  reduce  the  probability  of  a 
false  alarm  triggered  by  noise.  The  FSB  signals  are  used  by  the  tracking  loop  to  further 
refine  TOA  accuracy  through  additional  averaging. 
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2.2.4  Message  Source  Synchronization  Signal  (S) 

For  messages  of  long  duration,  (several  seconds),  an  additional  synchronization  signal 
is  provided  to  maintain  chip  synchronization.  The  message  source  synchronization  signal  (S) 
provides  this  function  and  is  interleaved  with  data  pulses  at  some  low  rate.  It  is  conven¬ 
ient  to  designate  the  rate  as  some  multiple  of  the  Basic  Low  Event  Hate  Subchannel  (5  Hz). 

2.2.5  Header  Word  (H) 


For  some  messages  a  header  word  (H)  is  added  to  the  synchronization  preamble  (MST  and 
F)  prior  to  transmission  of  digital  voice  or  data  words.  The  header  word  is  a  Reed-Solomon 
(R-S)  codeword  (see  paragraph  2.2.7)  with  up  to  14  characters  (70  bits)  available  for 
information,  such  as  User  Identification  Number,  Message  Label,  Priority  Assignment, 
Subchannel  Address,  User  Address,  Time  Quality,  Outer  Parity  Checks  on  other  RS  Codewords, 
etc.  It  can  be  also  used  as  a  steering  or  signaling  word  to  direct  the  receiver  to  one  of 
several  possible  subchannels  for  subsequent  message  transmission. 

2.2.6  Date  Message  -  Uncoded 


For  a  high  performance  information  distribution  system,  in  benign  or  hostile  environ¬ 
ments,  it  is  desirable  to  provide  reliable  and  flexible  communication  with  a  choice  of  both 
uncoded  and  coded  transmissions.  A  linked  doubly-coded  (concatenated)  channe  is  a  pre¬ 
ferred  scheme  (for  a  given  code  length)  since  decoding  is  performed  on  two  or  more  simpler 
codes  and  the  overall  decoding  complexity  is  reduced.  Figure  7  shows  a  block  diagram  of  a 
two  level  concatenated  coded  channel. 

For  uncoded  messages,  the  data  link  performance  is  determined  by  the  inner  channel. 

The  inner  channel  is  M-ary  (M=32)  in  keeping  with  the  desirability  for  a  low  duty  signal 
structure. 

There  are  32  distinct  symbol  choices  for  each  symbol  in  the  data  message.  Therefore, 
each  symbol  represents  5  bits.  The  32  symbols  are  represented  by  a  single  31  bit  maximum 
length  sequence  (with  one  additional  bit  added)  and  all  possible  31  left-cyclic  shifts  of 
that  same  sequence. 

2.2.7  Data  Message  -  Coded 

In  order  to  improve  the  channel  performance  an  outer  Reed-Solomon  (R-S)  code  is  added 
to  the  data  link.  The  R-S  code,  is  an  error  control  technique  for  use  with  M-ary  channels. 
It  has  as  large  a  minimum  distance  (d)  (a  measure  of  code  power)  as  any  other  code  of  the 
same  rate,  and  which  can  correct  burst  as  well  as  random  errors.  Each  codeword  of  the 
Reed-Solomon  outer  code  is  comprised  of  a  sequence  of  the  M-ary  symbols  from  the  inner 
code.  The  parameters  of  a  codeword  are  (N,K)  where  K  is  the  number  of  information  symbols 
and  N  is  the  total  number  of  symbols.  One  or  two  symbols  may  be  computed  as  additional 
parity  symbols,  before  this  sequence  is  R-S  encoded  to  improve  undetected  message  error 
rate.  Figure  5  illustrates  the  coded  message  format.  The  code  parameters  selected  where 
M=32,  are  (N,K)  =  (31,15).  For  this  code,  d=17  and  2t  +  s  <  16.  Any  combination  between 
8  errors  (t)  and  0  erasures  (s) ,  and  0  errors  and  16  erasures  satisfying  2t.s  N-k  will 
be  corrected  in  decoding. 
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Figure  5.  Concatenated  Coded  Channel  and  Coded  Message  Format 
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2.3  MODULAR  CHANNEL  CONCEPT 

Having  briefly  described  the  fundamental  elements  of  the  basic  JTIDS  signal  used  in 
the  DTDMA  architecture,  we  proceed  to  a  definition  of  the  modular  channel  concept  as 
follows : 

•  META-CHANNEL:  The  contiguous  stream  of  all  Basic  Event  Intervals  forms  by  defini¬ 
tion,  a  Meta-Channel.  Conceptually,  it  may  be  viewed  as  the  multiplexing  of  many 
T/F  patterns  (or  T/F  channels)  each  with  mutually  exclusive  Basic  Event  Intervals 
and  an  associated  channel  event  rate.  The  total  set  of  channel  event  rates  equals 
78,125  Hz.  Different  Meta-Channels  are  distinguished  by  different  contiguous 
(total)  T/F  patterns  and  different  basic  event  codewords.  For  example,  different 
codes  of  the  day,  or  simple  logical  hardware  changes,  can  create  different  Meta- 
Channels. 

•  BASIC  CHANNEL  (BC) :  Of  fundamental  importance  is  the  particular  T/F  channel 
denoted  as  the  Basic  Channel.  The  78,125  events  of  the  Meta-Channel  are  subdi¬ 
vided  into  512  Basic  Channels.  Therefore,  each  BC  has  an  event  rate  of  about 
152.5  Hz  (78,125/512).  In  general,  these  events  may  be  divided  and  broadly  clas¬ 
sified  as  either  source  (Source  of  Communication,  e.g.,  transmitting  platform), 
synchronization  events  or  message  events.  A  typical  division  is  normally  5  Hz 

and  147.5  Hz,  for  synchronization  and  message  (data)  respectively.  For  this  choice 
the  Basic  Channel  is  considered  to  be  comprised  of  a  Basic  Low  Event  Rate  Subchan¬ 
nel  (BLS)  and  a  Basic  High  Event  Rate  Subchannel  (BHS) . 

•  COMPOSITE  CHANNEL  (CC) :  Extending  the  building  block  approach,  in  which  a  Basic 
Channel  is  created  from  sets  of  Basic  Event  Intervals,  a  Composite  Channel  ICC)  is 
created  from  sets  of  one  or  more  Basic  Channels.  Combinations  of  more  than  one 
Basic  Channel  form  higher  event  rate  channels  which  are  used  as  higher  order  build¬ 
ing  block  channels  to  form  complete  function  channels  (e.g..  Digital  Voice,  Command 
and  Control,  Precision  Ranging,  etc.).  In  general,  composite  channels  support  one 
or  more  services  (e.g.,  synchronization  or  data)  and  each  CC  is  treated  as  a  basic 
entity  by  the  JTIDS  II/DTDMA  Terminal. 

•  FUNCTION  CHANNEL  (FC) :  When  a  channel  is  designed  to  support  a  specific  user  func¬ 
tion  (i.e.,  Link  4A,  Link  11,  or  High  or  Low  Rate  Digital  Voice,  etc.),  it  consists 
of  sets  of  Basic  Channels  and/or  Composite  Channels  which  are  organized  to  support 
the  required  numbers  of  subscribers  with  a  prescribed  level  of  channel  capacity. 

The  totality  of  these  building  block  channels  is  called  a  Function  Channel  (FC) . 
Furthermore,  the  component  modular  portions  of  the  Function  Channel  are  called 
Function/User  Subchannels  and  have  a  one-to-one  correspondence  with  the  modular 
terminology  of  BC  or  CC.  As  will  be  shown,  when  illustrative  function  channels  are 
described  (paragraph  2.3.2),  this  leads  to  uniformity  and  clarity  in  describing  and 
defining  a  single  Function  Channel. 

Figures  6  and  7  summarize  these  basic  channelization  concepts  for  basic  channel,  func¬ 
tion  channel  and  multi- function  channel  constructions. 


Figure  6.  Composition  of  Function  Channel 
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Figure  7.  Composition  of  Multi-Function  Net 


From  this  channelization  concept  we  note  that  the  basic  signal  and  channel  architec¬ 
tures  of  JTIDS  II  DTDMA  differ  from  the  conventional  TDMA  structure.  The  basic  message 
structure  and  access  techniques  highlight  this  fundamental  difference. 

The  TDMA  access  technique  divides  time  into  slots  with  each  slot  containing  all  of  the 
pulse  signals  comprising  a  single  JTIDS  I  message.  Short,  dense  bursts  of  pulses  convey 
individual  messages,  and  efficiency  of  time  utilization  favors  the  use  of  relatively  long 
messages  to  maximize  the  ratio  of  message  time  to  guard  time  (Figure  8  (a)).  Synchroniza¬ 
tion  pulses  always  precede  the  message. 


DTDMA  pseudo-randomly  distributes  the  pulses  conveying  a  message  over  a  longer  time 
interval,  interleaved  with  pulses  conveying  other  messages,  without  guard  time  (Figure  8 
(b) ) .  The  low  duty  structure  of  any  one  message,  together  with  the  pseudo-randomly  varied 
pulse  parameters  of  the  interleaved  messages,  reduces  pulse  interferences  to  a  negligible 
level.  The  absence  of  guard  time  provides  efficient  time  utilization  with  both  short  and 
long  messages.  Synchronization  pulses  (S)  are  distributed  throughout  the  message. 
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2.3.1  Generic  Channel  and  Signal  Types 

Two  important  characteristics  for  further  channel  definition  are:  the  types  of  channel 
access  afforded  to  a  user  terminal,  and  the  types  of  signals  which  are  transmitted  and  re¬ 
ceived  on  the  various  subchannels  of  a  Function  Channel.  Channel  access  introduces  the  con¬ 
cepts  of:  message  starts  (M) ,  and  open  and  closed  communities  of  subscribers.  Message 
starts  (M)  refer  to  those  opportunities  in  time  at  which  a  message  may  be  initiated  for 
transmission  by  a  given  terminal  (message  access  time) . 

Open  and  closed  channel  types  are  distinguished  by  the  operationaJ  rules  established 
to  permit  subscribers  to  access  a  Function  Channel.  An  Open  Channel  is  defined  as  a  chan¬ 
nel  which  is  available  for  access  at  its  associated  M's  by  any  subscriber  without  specific 
allocation.  Thus  in  general,  an  unlimited  number  of  subscribers  can  be  supported  by  an 
open  channel  (not  necessarily  simultaneously) .  A  Closed  Channel  is  defined  as  a  channel 
which  is  available  for  access  only  through  specific  subscriber  allocation.  Connectivity 
tor  this  type  of  channel  is  limited  to  a  finite  set  of  subscribers,  a  priori  known  to  the 
net  community. 

A  useful  characteristic  for  categorizing  Function  Channels  is  in  terms  of  the  type  of 
access  afforded  to  the  subscribers.  Four  generic  channel  access  types  are  pertinent  to  the 
channel  design  of  the  JTIDS  I I/DTDMA .  They  are  as  follows: 

•  Assigned  Access  Channel  (AAC) 

•  Command  Access  Channel  (CAC) 

•  Demand  Access  Channel  (DAC) 

•  Scheduled  Access  Channel  (SAC) 

The  channels  may  be  further  classified  by  whether  they  support  an  open  or  closed  community 
of  users.  To  indicate  which  of  these  is  applicable  an  O  or  C  is  added  to  the  acronym,  e.g., 
DACO  and  DACC  for  open  and  closed  demand  access  channels,  respectively. 

2. 3. 1.1  Assigned  Access  Channel 

The  Assigned  Access  Channel  is  the  basic  DTDMA  channel  where  tracking  of  users  is  per¬ 
formed.  Unique  basic  channel  assignments  are  provided  for  each  transmitting  terminal.  The 
community  of  users  operating  on  that  channel  ^re  all  continuously  tracking  each  other  to 
establish  expected  time  of  arrivals  for  all  pulses  (See  Section  2. 3. 2.1). 

2. 3. 1.2  Command  Access  Channel  (CAC) 

The  Command  Access  Channel  (CAC),  in  general,  is  a  closed  type  of  channel  and  consists 
of  a  control  channel  and  a  reply  channel  which  supports  a  control  terminal  and  multiple 
reply,  or  controlled,  terminals.  Many  options  are  available.  The  control  terminal  and  all 
of  the  reply  terminals  may  time-share  a  common  CAC  data  subchannel,  with  dedicated  unique 
CAC  synchronization  subchannels  assigned  to  each  terminal  for  supporting  offset  tracking  of 
a  closed  community  of  users.  Alternatively,  the  control  and  reply  data  subchannels  may  be 
distinct  and  either  the  reply  terminals  time-share  the  reply  data  subchannel  or  separate,  as¬ 
signed,  reply  channels  may  be  used  by  each  reply  terminal.  In  all  cases,  the  start  of  a 
message-pair  (control-reply)  is  under  the  command  of  the  control  terminal  and  specific 
Message  Starts  (M)  are  associated  with  reply  messages  to  minimize  the  control  terminals 
search  time  for  these  replies. 

2. 3. 1.3  Demand  Access  Channel  (DAC) 

The  Demand  Access  Channel  (DAC)  may  be  shared  by  many  terminals  on  an  as-needed  basis. 
Two  types  of  DAC  channels  are  distinguished  by  their  capability  to  service  either  an  unlim¬ 
ited,  or  open,  community  of  terminals,  or  a  limited,  or  closed  community.  For  each  type, 
procedures  are  provided  for  determining  if  the  channel  is  busy,  and,  if  so,  selecting  an 
alternate  channel,  or  interrupting  a  message  in  progress.  In  an  open  DAC  channel,  message 
start  opportunities  are  uniquely  associated  with  a  common  synchronization  subchannel  which 
is  searched  by  all  users  for  message  start  signals  or  for  busy  signals  at  programmed  event 
times.  There  is  no  need  for  user  source  synchronization  tracking  channel.  In  a  closed  DAC 
channel,  message  start  opportunities  are  associated  with  the  Basic  Channel  of  each  user,  and 
each  Basic  Channel  is  monitored  for  starts.  This  channel  requires  user  source  synchroniza¬ 
tion  tracking  (See  Section  2. 3. 2. 2). 

2. 3. 1.4  Scheduled  Access  Channel  (SAC) 

The  Scheduled  Access  Channel  is  a  shared  channel  on  which  messages  are  transmitted  ac¬ 
cording  to  a  prearranged  organization.  Message  starts  are  regular  and  correspond  to  the 
beginning  of  each  time  slot.  Transmissions  are  time  orthogonal  for  this  common  channel  be¬ 
cause  guard  times  (for  propogation  to  300  nm)  are  included  at  the  end  of  each  time  slot 
(See  Figure  8) . 

With  these  basic  definitions  of  the  generic  channel  types  we  present  two  illustrative 
channel  designs  for  JTIDS  II/DTDMA. 
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2.3.2  Specific  Channel  Implementation 


We  present  two  examples  of  the  many  that  have  been  developed  as  part  of  the  DTDMA  chan¬ 
nel  catalog  (software) . 

2. 3.2.1  Assigned  Access  Channel  -  Closed  (AACC) 

The  Assigned  Access  Channel  is  the  fundamental  type  of  user  tracking  distribution  chan¬ 
nel  in  JTIDS  I I /DTDMA .  One  of  a  set  of  Basic  Channels  or  one  of  a  set  of  Composite  Chan¬ 
nels  is  assigned  uniquely  to  each  terminal  in  a  net  for  its  transmission  only  and  a  set  of 
access  times  are  uniquely  associated  with  one  Basic  Channel  for  each  terminal.  These 
access  times,  or  Message  Start  Opportunities,  serve  the  same  purpose  as  the  start  of  a 
time  slot  in  a  conventional  TDMA  system.  However,  they  provide  greater  flexibility  than 
the  latter  since  there  is  no  guard  time  and  message  may  be  receive  simultaneously  on  sev¬ 
eral  Composite  Channels. 

Figure  9  illustrates  the  AAC  closed  type  of  channel,  where  the  fundamental  channel  is 
the  Basic  Channel.  For  a  net  of  U  participants,  each  would  be  assigned  a  Basic  Channel,  or 
a  multiple  number  of  Basic  Channels,  dependent  on  the  anticipated  loading  for  the  source 
terminal.  After  the  terminals  have  accomplished  a  net-entry  procedure,  each  terminal  con¬ 
tinues  to  transmit  user  source  synchronization  pulses  (C)  which  are  received  and  tracked 
by  all  other  terminals.  By  tracking  user  time  offsets  (opening  a  receiver  gate  on  a  Basic 
Channel  over  when  an  event  is  scheduled  and  expected) ,  the  receivers  in  a  terminal  may  be 
time-shared  between  all  of  the  Basic  Channels  currently  in  use.  These  coarse  synchroniza¬ 
tion  pulses  are  transmitted  for  source  synchronization,  at  some  low  rate,  whether  or  not  a 
message  is  in  progress.  On  this  channel,  there  is,  in  general,  no  lestriction  on  message 
duration,  and  both  formatted  or  unformatted  types  may  be  used.  Message  start  signal  se¬ 
quences  (MST)  precede  data  transmissions  in  order  to  keep  message  false  alarm  rates  accept¬ 
able.  A  fine  synchronization  preamble  (F)  is  used  to  establish  synchronization  accuracy 
sufficient  for  data  demodulation  and  is  also  used  to  update  user  receive  time  offsets. 

Many  different  messages  may  be  transmitted  and  received  in  parallel,  on  many  composite  chan¬ 
nels,  if  fine-offset  track  is  maintained  on  all  users.  The  low  duty  factor  of  all  messages 
permits  a  terminal's  hardware  to  be  programmed  in  time,  frequency  and  pulse  code  and,  thus 
process  all  signals  in  proper  real  time  sequence  and  to  sort  the  data  from  all  active 
sources . 


MESSAGE  FINE  SYNC 


Figure  9.  Assigned  Access  Channel  (Closed) 


2. 3. 2. 2  Demand  Access  Channel  -  Open  (DACO) 

The  Open  Voice  Channel  (OVC)  is  an  open  Demand  Access  Channel  (DACO)  type  and  is  de¬ 
signed  to  support  high  data  rate  digital  voice,  e.g.,  continuously  variable  slope  delta 
modulation  or  equivalent,  at  a  data  rate  of  16,000  bps.  Since  it  is  designed  as  an  open 
type  channel,  it  may  be  accessed  by  any  one  of  an  unrestricted  or  unlimited  number  of  sub¬ 
scribers  that  have  completed  a  net  entry  procedure  (See  Section  2.4)  and,  therefore,  have 
become  members  of  a  (time)  net  that  includes  this  channel.  Additional  features  of  this  OVC 
are  that  it  has  an  interrupt  or  preemption  capability  on  the  same  channel  or  on  an  associ¬ 
ated  guard  channel.  Moreover,  the  same  design  may  be  used  for  a  voice  relay  channel,  or  to 
support  high  rate  digital  data  messages  in  lieu  of  digital  voice. 

Figure  10  shows  that  the  OVC  requires  the  union  of  23  Basic  Channels  (BC)  in  order  to 
provide  a  16,000  bps  data  rate,  including  the  message  preamble  overhead.  The  23  Basic  Chan¬ 
nels  from  a  Composite  Channel  which  is  divided  into  synchronization  and  data  subchannels, 
and  has  an  average  event  rate  of  3508  Hz. 
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An  important  characteristic  of  the  OVC  design  is  the  absence  of  user  Source  synchroni¬ 
zation  signals  (C) .  That  is,  it  is  unnecessary  to  track  the  expected  time  of  arrivals  of 
all  potential  participants  in  this  channel.  Access  to  this  channel  is  on  demand  and  only 
at  the  Message  Starts  (M)  depicted  on  the  OVSS,  which  occur  every  209.7  milliseconds 
(4.8  Hz),  and  service  all  subscribers  in  the  net.  In  order  to  determine  if  the  channel  is 
idle,  each  of  these  intervals  must  be  voice  transmission.  Since  user  range-time  is  not 
tracked,  the  M  signal  is  designed  into  two  parts,  MSA  and  MSB.  The  MSA  signals  correspond 
to  a  set  of  12  Basic  Events,  selected  from  the  sequence  of  channel  events  occurring  at  a 
rate  of  3508  Hz,  which  satisfy  a  minimum  time  constraint  of  2.5  milliseconds  separation 
between  events  or  pulses.  The  MSB  signal  is  used  to  confirm  the  presence  of  a  true  MST 
signal  and  to  decrease  the  false  alarm  probability  of  the  MSA  detection.  After  a  2.5- 
millisecond  delay  following  the  twelfth  MSA  pulse,  the  next  eight  Basic  Events  generated 
at  a  3508  Hz  rate  on  the  23  Basic  Channel  comprise  the  MSB  signal.  This  narrow  tracking 
gate  is  used  on  the  MSB  since  the  range  uncertainty  has  been  reduced  by  means  of  the  MSA 
detections.  The  fine  synchronization  signal  (F)  is  transmitted  using  the  next  12  Basic 
Events  generated  on  the  23  Basic  Channels.  Reception  of  this  signal  provides  the  TOA  accu¬ 
racy  necessary  to  demodulate  data.  The  last  part  of  the  message  preamble  and  the  next  sig¬ 
nal  sent  on  the  OVDS  is  the  header  word  which  contains  the  originator's  ideentif ication 
number,  his  priority  level,  type  of  message  to  follow,  etc.  After  header  signal  processing, 
the  high  data  rate,  uncoded,  digital  voice  pulses  are  sent  on  the  OVDS  at  an  event  rate  of 
3508  Hz  which  is  sufficient  to  support  16,000  bps  voice. 

2.4  SYNCHRONIZATION 

A  comprehensive  treatment  of  synchronization  as  applied  in  DTDMA  is  beyond  the  scope  of 
this  paper.  We  highlight  the  more  salient  features. 

The  system  is  designed  to  permit  a  terminal  to  extract  navigation  and  communications 
(Data)  as  well  as  synchronization  (time)  information  from  basic  signal  time-of-arr ival  (TOA) 
measurements . 

In  order  to  accommodate  multi-channel  and  multi-net  operations,  all  transmission  times 
and  reception  times  are  referred  by  "time  offsets"  to  a  common  terminal  time  which  is  main¬ 
tained  by  the  terminal  clock.  This  terminal  time  is  the  user's  best  estimate  of  universal 
time  and  is  updated  only  in  accordance  with  disciplines  established  for  each  terminal,  based 
on  the  quality  of  the  on-board  frequency  reference  used  by  the  terminal  clock  to  maintain 
terminal  time. 


Within  this  mechanization  approach,  synchronization  is  the  process  of  measuring,  calcu¬ 
lating  or  otherwise  determining  the  proper  "time  offsets"  for  net  transmissions  and 
receptions . 


The  synchronization  process  consists  of  the  four  stages  described  in  the  following 
paragraphs . 
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•  NET  ENTRY:  The  net  entry  process  permits  new  participants  to  receive  special  Net 
Entry  Signals.  The  successful  reception  of  these  signals  by  an  entering  terminal 
will  reduce  the  net  time  uncertainty  of  the  new  member  to  a  value  equal  to  the  maxi¬ 
mum  one-way  propagation  delay  (2  ms);  that  is,  after  receipt  of  the  net  entry  signal 
the  external  terminal  knows  it  is  within  service  range  but  does  not  yet  know  its 
actual  range  to  the  signal  source. 

•  ROUND  TRIP  TIMING  (RTT) :  The  second  stage  of  timing  adjustment  is  the  RTT  ex¬ 
change  through  which  net  time  uncertainty  due  to  unknown  propagation  delays  is 
eliminated.  This  round  trip  pulse  and  data  exchange  further  reduces  the  timing 
error  to  15  us. 

•  COARSE  SYNCHRONIZATION  TRACKING:  DTDMA/JTI DS  II  permits  functions  to  employ  source 
synchronization  where  each  member  of  the  net  transmits  coarse  synchronization 
pulses  (C)  at  an  approximate  rate  of  5  Hz.  These  pulses  are  acquired  and  tracked 
in  time  of  arrival  by  all  other  participants.  The  timing  error  is  thus  further 
reduced  and  maintained  to  within  ±1.5  us. 

•  MESSAGE  SYNCHRONIZATION:  To  provide  the  high  level  of  timing  accuracy  necessary 
for  data  demodulation,  synchronization  pulses  are  transmitted  as  part  of  a  pre¬ 
amble  preceding  each  message.  These  Message  Start  Pulses  are  used  to  obtain  an 
overall  timing  accuracy,  as  required  for  data  extraction  and  precision  relative 
navigation. 

•  MULTIPLE  TIME-INDEPENDENT  NET  PARTICIPATION:  Each  DTDMA  function  channel  is  cap¬ 
able  of  supporting  a  communications  net,  providing  a  net  entry  procedure,  and  data 
transfer  between  multiple  terminals.  In  order  to  participate  in  multiple  nets,  a 
terminal  must  perform  a  net  entry  procedure  for  each  net.  This  can  be  accomplished 
either  serially  or  in  parallel  depending  upon  terminal  complexity. 

Since  the  system  is  designed  with  a  one-to-one  correspondence  between  net  time  and 
transmitted  signals,  multi-net  operation  merely  requires  a  knowledge  of  the  time  differ¬ 
ence  between  the  terminal  clock  and  net  time.  Once  this  is  achieved,  through  the  net 
entry  procedure,  the  terminal  then  creates  a  net  time  base  for  each  operating  net.  These 
net  time  bases  are  now  available  for  generating  the  correct  pseudo-random  bit  stream  for 
each  net,  which  determines  the  full  event  codes  for  each  event  interval. 


3 .  CONCLUSIONS 


Distributed  TDMA  is  a  new  signaling  and  channel  design  technique  for  anti-jam  high  per¬ 
formance  digital  communication.  It  is  being  actively  pursued,  as  an  attractive  solution  to 
JTIDS  Phase  II,  in  ongoing  hardware  development  contracts  at  ITT  Avionics  for  Class  I  Com¬ 
mand/Control  platforms  and  Class  2  Tactical  Terminal  (See  Section  Dl,  D2) .  In  addition,  ITT 
Avionics  is  involved  in  studies  for  overall  JTxDS  Enhancement  and  Class  3  Austere/Expendable 
terminal  applications. 

We  have  briefly  reviewed  the  fundamentals  of  DTDMA.  The  unique  channel  and  signal 
types  utilized  in  JTIDS  I I/DTDMA  were  highlighted  with  specific  examples. 

Table  1  summarizes  the  functional  capabilities  to  be  demonstrated  shortly  with  the 
JTIDS  I I/DTDMA  terminals. 


Table  1.  JTIDS  Functional  Capability 


Communication 

Anti-jam  two-way  digital  data  for  direct d)  Link  4d)  interface 
Anti-jam  digital  voice 

Anti-jam  TDMA  digital  data  for  direct d)  JTIDS  I  interoperation 
Anti-jam  digital  data  for  direct  d)  Link  11(3)  interface 
Anti- jam  digital  data  TADIL-B(3)  Interface 
Precision  time  synchronization 
Simultaneous  multi-net  participation 

Navigation 

Conventional  Tacan  (rho-theta) 

Precision  L-Ranging  and  Relative  Navigation 
Air/air  range  and  bearing 
Inverse  mode  (D/F) 

IFF 

Mark  X  SIF  transponder  capability 
Mark  XII  Mode  4  (with  GFE  computer) 

Full  diversity  operation  (modular  addition) 


(1)  Transparent  interface.  No  changes  to  existing  hardware  or  software. 

(2)  Command  and  control  data  link 

(3)  Surveillance  and  reporting  data  link 
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The  JTIDS  Distributed  TDMA  system  concept  is  based  on  the  premise  of  maximizing  the 
full  utility  of  t ime-f requency-and-code .  This  mul t i -d imensiona 1  approach  simultaneously 
contributes  to  efficient  multiple  access,  ant i- jamming ,  and  low  probability  of  exploitation 
(LPE)  system  solutions.  The  multiple  access  problem  is  solved  by  pseudo-random  time  and 
frequency  hopping,  coupled  with  interleaved  channelization  which  utilizes  low  duty  signal 
structures.  This  random  access  technique  is  particularly  suited  to  a  CVICNI  system  as 
it  provides  intra-system  and  related  function  interference  rejection. 

At  the  same  time,  the  combination  of  random  access  and  low  duty  cycle  permits  the 
sharing  of  transmitters,  receivers,  and  general  signal  processing  resources  for  the  various 
C-N-I  functions. 

The  A/J  problem  is  simultaneously  solved  by  the  hybrid  DTDMA  combination  of  the  above 
time/frequency  hopping  modulation  phase  coded  spread  spectrum  techniques  applied  to  the 
signal  pulse.  There  is  a  desired  by-product  of  this  solution  to  the  A/J  problem:  The  in¬ 
creased  pulse  modulation  bandwidth  needed  for  A/J  provides  an  associated  high  resolution- 
high  accuracy  t ime-of-arr iva 1  measurement  capability  useful  for  precision  ranging  and 
navigation . 

The  LPI  aspect  of  the  DTDMA  system  is  enhanced  with  the  use  of  time  and  frequency 
ambiguities  since  much  of  the  signal  predictability  is  removed  by  the  signal  and  channel 
des ign . 

The  statistical  orthogonality  that  is  designed  into  the  DTDMA  system  provides  not  only 
a  solution  to  the  above  C'3/iCNI  problems,  but  also  minimizes  the  need  for  more  rigid  organ¬ 
izational  aspects,  normally  associated  with  conventional  TDMA  systems. 

The  promise  of  flexibility  mult i-funct ion  and  multi-platform  cViCNI  applicability ,  and 
high  performance  ant i- jamming ,  secure,  make  DTDMA  a  very  attractive  candidate  for  JTIDS 
Phase  II. 
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SUMMARY 


ITT  Avionics  Division  is  currently  under  contract  with  the  JTIDS  Joint  Program 
Office/Naval  Air  Development  Center  to  develop  command  and  control  terminal  employing  the 
JTIDS  II/DTDMA  architecture  (See  Section  IVB) .  During  JTIDS  Phase  I,  TDMA  was  introduced 
to  handle  total  connectivity  digital  communication  and  relative  navigation.  Distributed 
TDMA ,  an  approach  to  JTIDS  Phase  II  (JTIDS  II),  expands  this  capability  by  providing  in¬ 
creased  dat,a  rate  capability  and  additional  C-N-I  functions.  DTDMA  also  develops  a 
channelization  architecture  to  permit  command  and  control  terminals  to  participate  con¬ 
currently  on  multiple  time  independent  functions  or  networks  which  have  the  flexibility 
to  be  structured  and  organized  in  a  manner  to  efficiently  meet  the  broad  range  of  com¬ 
mand  and  control  operations  in  tactical  environments. 


1.  INTRODUCTION 


The  ITT  Avionics  JTIDS  II/DTDMA  Command  Terminal  described  in  this  section  provides 
specific  communication,  navigation  and  identification  (CNI)  functions  which  are  selected 
to  match  operational  requirements  of  JTIDS  Phase  II.  The  DTDMA  Command  and  Control  Termi¬ 
nals  are  intended  for  use  by  all  four  U.S.  military  services.  A  large  variety  of  surface, 
and  airborne  command  and  control  platforms  are  candidates  for  these  terminals.  Examples 
are  the  CVA  ships,  the  E-2C  aircraft  and  ground-based  control  centers. 


Dr  the  Command  and  Control  Terminals  under  development,  the  sizing  and  programming 
of  CNl\  capacity  results  from  an  analysis  of  tri-service  military  command  and  control  oper- 
ationsland  concomitant  requirements  of  command  terminals  for  specific  CNI  services. 


Trijpse  terminals  feature  anti- jamming ,  secure  digital  voice  and  data,  precision  rang¬ 
ing  and!  relative  navigation,  conventional  Tacan  navigation,  and  the  IFF  functions  pro¬ 
vided  bl  the  AIMS  Mark  XII  transponder. 


2.  COMM?\ND  AND  CONTROL  TERMINAL  OVERVIEW 


A  JT.IDS  II/DTDMA  terminal  can  be  considered  as  a  CNI  processor  which  is  sized  and 
programmed  to  meet  a  specific  set  of  user  requirements.  Unlike  conventional  single- 
function  units  where  the  terminal's  commonly-used  name  (Tacan  Set)  conveys  an  understand¬ 
ing  of  its  functional  characteristics,  a  JTIDS  II  terminal  can  range  in  complexity  from 
a  16-net,  multi-function  command  terminal  of  greater  than  150  kilobits  per  second  (kbps) 
digital  data  capacity  to  a  single-function ,  expendable  missile  terminal  of  less  than  2  kbps 
average  data  capacity.  (Note:  These  are  terminal  capacities.  The  system  capacity  is  in 
excess  of  300  kbps.) 


Functipnal  programs 
includes  an\:i- jamming  16 
TADIL  A  (Link  11) ,  TADIL 
relative  navigation.  As 
be  configured  to  use  the 
cause  of  itsj f lexibility 
rates. 


are  selected  from  a  JTIDS  II/DTDMA  channel  catalog,  which  to  date 
kbps  digital  voice,  fully  compatible  (with  existing  system) 

B,  TADIL  C  (Link  4) ,  conventional  Tacan/IFF,  JTIDS  I  TDMA,  and 
new  operational  requirements  arise,  new  functional  channels  may 
DTDMA  (distributed  TDMA)  access  technique,  unique  to  JTIDS  II  be- 
in  efficiently  accommodating  a  wide  range  of  message  lengths  and 


Terminal  sizing  includes  independent  assessments  of  required  transmitter  and  receiver 
data  rate  capabilities.  The  low  duty  DTDMA  distributed  signal  structure  permits  concur¬ 
rent  transmission  and  reception  on  independent  nets.  A  terminal's  transmitter  duty  factor 
is,  therefore!  sized  to  that  specific  terminal's  expected  transmission  requirements.  The 
terminal's  receiver  system  is  independently  sized  to  meet  reception  requirements,  includ¬ 
ing  monitorincl  of  guard  or  other  channels  for  extraction  of  pertinent  tactical  COMM-NAV- 
IDENT  inf ormatlLon . 


The  commulications  functions  provided  in  the  Command  Terminal  include  secure,  anti¬ 
jamming  digital  voice  communication  and  secure,  anti-jamming  digital  command  and  control 
data  links.  TJte  digital  voice  communication  is  the  standard  16  kbps  continuous  variable 
slope  delta  (CTOD)  modulation  for  full  Tri-Tac  compatibility  and  interoperability.  Either 
open  (unlimitedlparticipation)  or  closed  (limited  participation)  DTDMA  channels  may  be 
selected  (See  Section  IVB) .  Relay  of  digital  voice  transmissions  in  the  same  formats  is 
also  provided. 


4o- : 


During  the  Adriatic  part  of  the  E-3A 
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DTDMA  command  and  control  data  channels  handle  the  standard  Link-4A  (TADIL-C)  digital 
data  in  a  transparent  manner  for  full  compatibility  with  current  NTDS/ATDS  operations. 

Both  one-way  and  two-way  links  are  provided  to  accommodate  the  four  Link-4A  functions 
(Way-point  insertion,  CAINS  update,  NTDS/ATDS  command  and  control  and  the  automatic  carrier 
landing  system  (ACLS) ) . 

Transparent  DTDMA  data  channels  are  provided  for  Link-11  (TADIL  A) ,  and  TADIL-B  digi¬ 
tal  data.  Automatic  two-way  links  accommodate  the  exchange  of  Link-11  tactical  data  among 
participating  platforms. 

A  JTIDS  I  TDMA  channel  provides  interoperability  with  JTIDS  I  terminals.  Those  por¬ 
tions  of  the  JTIDS  I  Interim  Joint  Message  Specification  (IJMS)  required  for  net  entry, 
slot  ass lqnment/reass ignment  position  reporting,  and  Round  Trip  Timing  (RTT)  are  included. 
This  permits  the  use  of  this  channel  for  position  reporting  and  participation  in  a  relative 
navigation  community  on  the  JTIDS  I  TDMA  channel. 

The  navigation  functions  of  the  Tactical  Terminal  include  conventional  Tacan  (in  ac¬ 
cordance  with  MIL-STD-291C)  and  secure,  anti-jamming  relative  navigation.  The  Tacan 
interrogator/receiver  functions  include  full  air-to-ground  range  and  bearing  service,  air- 
to-air  range  and  bearing  service,  and  receive-only  bearing  service.  Relative  Navigation, 
which  includes  the  near  optimal  blending  of  ranging  data  with  on-board  inertial  navigation 
data  (if  the  latter  is  available),  can  be  performed  with  either  a  DTDMA  channel  or  the 
TDMA  channel,  as  appropriate  to  the  particular  relative  navigation  community. 

The  identification  (IFF)  functions  provided  are  the  conventional  AIMS  Mark  XII  trans¬ 
ponder  modes  (1,  2,  3/A,  C  and  4),  complemented  by  the  secure,  anti-jamming  friend  identi¬ 
fication  capability  inherent  in  the  use  of  JTIDS  position  reporting. 


3.  SYSTEM  HARDWARE/SOFTWARE 

The  CNI  requirements  of  most  candidate  platforms  can  be  effectively  met  with  three 
types  of  terminals  providing  three  levels  of  participation  in  the  JTIDS  II  System.  The 
three  types  in  order  of  reducing  levels  of  participation  are  the  Command  and  Control, 
Tactical  and  Expendable  Terminals. 

The  Command  and  Control  Terminal  under  current  development  has  a  maximum  data  rate 
capability  of  150  kilobits  per  second.  This  capacity  can  be  divided  among  the  following 
communications  systems:  Link-4A,  Link-11,  JTIDS  I  (IJMS),  TADIL  B,  Precision  Ranging 
and  Rel  Nav,  Open  Voice,  and  Closed  Voice.  The  IFF  transponder  function  and  Tacan  navi¬ 
gation  are  also  provided.  While  participating  in  up  to  sixteen  time  independent  communi¬ 
cation  nets  concurrently  at  throughput  rates  up  to  the  maximum  capacity,  the  terminal 
obtains  the  highest  anti-jamming  performance  afforded  by  the  net  organization  and  signal 
structure  of  the  DTDMA  system. 

A  simplified  block  diagram  of  the  Command  Terminal  is  provided  in  Figure  1  which  shows 
the  five  major  blocks  of  the  terminal,  Power  Amplifier  (PA),  the  Receiver/Transmitter  (R/T) , 
Signal  Processor  (SP) ,  Terminal  Processor  (TP)  and  the  Control  and  Display  Units. 
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Figure  1. 


JTIDS  I I /DTDMA  Command  and  Control  Terminal, 
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Table  l  i  *  a  «unmar  v  of  pertinent  technical  rharacterist  ic*  of  the  Interim  SEEK  BUS  terminal. 
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Figure  2.  Transmission  and  Reception  Data  Flow 

point  (14),  and  then  demodulates  the  32  chip  data  word.  The  resultant  5-bit  data  charac¬ 
ter  then  enters  the  Reed-Solomon  decoder  at  point  (15),  and  the  decoded  data  resulting 
at  point  (16)  enters  the  data  storage  area  at  point  (17)  and  is  buffer  stored  for  dissemi¬ 
nation  to  the  required  interface  at  the  appropriate  time  at  point  (18). 

The  hardware  elements  of  the  Signal  Processor  are  organized  into  major  functional 
groups  as  shown  in  Figure  3.  A  brief  description  of  all  major  SP  modules  and  their  func¬ 
tion  is  provided  in  the  following  paragraphs. 

The  unit  can  be  broken  down  into  major  functional  modules.  We  highlight  the  major 
groupings  below. 

3.3.1  Time  Scheduling 

This  group  includes  the  Schedule  Processor,  Time  Ordered  Lists  and  Terminal  Clock 
and  Composite  Storage  Modules  (Figure  3) .  For  a  Distributed  TDMA  architecture  there  exists 


Figure  3. 


Signal  Processor,  Block  Diagram 
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a  pseudo-random  time  between  the  basic  transmission  and  reception  events.  Within  the 
Signal  Processor  unit,  the  basic  function  of  the  Schedule  Processor  is  the  ordering  of  all 
transmission  and  reception  events  to  ensure  that  the  required  event  sequence  is  monitored. 
The  Schedule  l'rocessor  generates  these  time  ordered  events  and  loads  them  into  a  Coarse 
Time  Ordered  List.  The  Coarse  Time  Ordered  List  is  the  mechanism  whereby  events  created 
by  the  Schedule  Processor  are  placed  in  the  correct  time  order.  This  list  formats  time 
parameters  of  scheduled  events  and  stores  them  until  near  real  time  before  passing  them  to 
the  Fine  Time  Ordered  List.  The  Fine  Time  Ordered  List  assembles  specified  event  param¬ 
eters,  determines  the  priorities  of  t  lie  events,  and  assigns  these  events  to  one  of  the 
four  receiving  channels  or  to  the  transmitter  as  required. 

3.1.2  Pseudo- Random  Control 

This  grouping  includes  the  PR  Spreading,  Encryption/Decryption  and  PR  Control 
Modules  (Figure  3).  This  section  contains  the  circuitry  to  control  the  pseudo-random 
bit  streams  to  service  both  TOMA  (JTIDS  I)  and  DTDMA  (JTIDS  II)  for  the  functions. 

This  module  controls  the  pseudo-random  phase  and  frequency  elements  of  each  JTIDS 
pulse.  On  transmission,  the  module  provides  the  basic  phase  code  for  the  transmitted 
pulse  and  tile  associated  carrier  frequency.  On  reception,  the  module  provides  the  refer¬ 
ence  PR  code  to  be  used  for  reception  and  the  associated  carrier  frequency. 

Additional  control  circuitry  is  responsible  for  controlling  the  flow  of  data  through 
the  decrypt  ion/encrypt  ion  process.  The  Decryption  Control  compiles  the  encrypted  data 
and  outputs  it  to  the  Terminal  Processor  for  final  distribution. 

The  Encryption  Control  extracts  the  data  from  the  Terminal  Processor  and  deposits  it 
in  the  Reed-Solomon  Encode r/Decoder  section. 

3.3.3  Transmi ss ion/Recept ion  Cont rol 


This  grouping  includes  the  Event  Controllers,  Event  Processor  and  Reed-Solomon  Encoder/ 
Decoder  Modules  (Figure  3).  For  transmit  events,  the  Transmit  Controller  Module  receives 
message  from  the  data  memories.  These  transmit  events  are  screened  to  adjudicate  any  con¬ 
flicts  before  passing  the  data  to  R/T  Unit  for  actual  transmission. 

For  received  events  the  Event  Controller  takes  the  time  ordered  schedule  and  assigns 
one  of  four  available  receivers.  Appropriate  phase  code  and  frequency  code  are  supplied 
to  one  of  the  four  RF  channels  to  complete  the  reception  process.  The  received  time  of 
arrival  of  the  pulse  (TOA)  is  returned  from  the  R/T  Unit  to  the  Event  Controller. 

The  Event  Processor  receives  data  and  control  information  from  the  Event  Controller. 

The  Event  Processor  adjusts  the  appropriate  tracking  loop  on  the  basis  of  the  received 
time  error.  The  Event  Processor  also  determines  if  the  received  message  has  been  Reed- 
Solomon  encoded.  Non-encoded  messages  are  passed  directly  to  the  Decryption  Control  cir¬ 
cuit.  Encoded  messages  are  passes  via  the  Reed-Solomon  Decoder,  to  the  Decryption  Control. 

Other  modules  provide  the  JTIDS  I  TDMA  processing  function,  the  Tacan  and  IFF  func¬ 
tion,  Reed-Solomon  encoding/decoding  and  basic  clocking  and  sequence  control  for  the  unit. 

3.4  TERMINAL  PROCESSOR  UNIT 

The  Terminal  Processor  (TP)  (Figure  1)  provides  a  centralized,  flexible  digital  con¬ 
trol  and  processing  center  for  the  ADM  Command  Terminal.  The  following  major  tasks  are 
performed  by  this  unit: 

•  Mode  Control  and  Channel  Configuration 

•  Buffering  and  Two-Way  Data  Flow  Control  with  External  Data  (for  example  Link-4A, 

TAD  1 1.  B,  LINK-11)  . 

•  Control  and  Interface  with  Display  Unit. 

•  Initialization  and  Monitoring  of  Built-in-Test. 

The  Terminal  Processor  contains  two  major  elements.  The  first  is  the  Computer  Inter¬ 
face  Block  which  contains  the  CX2-475  computer  and  associated  memory  in  addition  to  the 
SP  I/O,  Display  Unit  I/O,  KG-3K  I/O  and  external  serial  interference. 

The  second  major  element  of  the  Terminal  Processor  is  the  Platform  Interface  Block 
which  provides  the  platform  dependent  interface  with  the  NTDS  and  ATDS  computers  and  as¬ 
sociated  peripherals  for  the  I.ink-4A,  TAD II.  B  and  Link-11  services.  Additional  interfaces 
with  the  Tacan  control  panel  and  analog  instrumentation  are  also  provided  by  the  Platform 
Interface  Block.  In  general,  this  block  varies  with  the  specific  platform,  whereas  the 
Computer  Interface  Block  remains  constant. 
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3.5  CONTROL  AND  DISPLAY  UNIT 

The  Control  and  Display  Unit  (CDU)  (Figure  1)  provides  the  direct  man-machine  inter¬ 
face  in  the  form  of  an  alphanumeric  display,  a  cued  keyboard  for  data  entry  and  several 
control  selector  switches.  Its  electrical  interface  is  with  the  Terminal  Processor.  The 
operator  provides  initialization  data  and  mode  control  commands  to  the  Terminal  Processor 
via  the  Control  and  Display  Unit  and  is  cued  in  this  task  through  the  alphanumeric  displays 
and  cueing  lights.  The  alphanumeric  display  is  also  used  to  display  status  information, 
Tacan  data,  and  malfunction  isolation  information. 


4.  INSTALLATION  AND  INTEGRATION  OF  JTIPS  I I/DTDMA  COMMAND  AND  CONTROL  TERMINALS 


The  Command  and  Control  Terminals  under  development  have  been  designed  to  interface 
with  typical  command  and  control  platforms.  The  large  surface  platforms  are  typified  by 
the  CVA  installations,  while  the  airborne  command  posts  by  the  E-2C  installations.  Figure 
4  shows  a  typical  interconnection  for  the  CVA.  We  note  that,  because  of  the  distributed 
architecture  and  the  channel,  message  and  timing  flexibility  it  offers,  the  interfaces  are 
direct  and  transparent  to  the  existing  systems  such  as  Link-4A  (TADIL  C)  and  Link-11 
(TADIL  A).  No  modifications  are  forced,  and  the  advantages  of  enhanced  anti- jamming , 
secure  high  performance  data  links  are  provided.  Three  simultaneous  high  rate  (16  kbps) 
voice  and  one  low  data  rate  coded  data/voice  interface  are  provided. 


5.  PRODUCTION  JTIPS  I I/DTDMA  COMMAND  AND  CONTROL  TERMINALS 


Figure  5  shows  the  Command  and  Control  Terminals  as  envisioned  in  a  production  con¬ 
figuration.  The  CNI  Transceiver  unit  will  be  functionally  similar  to  the  existing  Power 
Amplifier  and  Receiver/Transmitter  unit  of  the  current  development.  The  basic  improvements 
are  in  packaging  and  utilization  of  latest  technology.  The  CNI  Processor  Unit  combines 
the  functions  of  the  current  Signal  and  Terminal  Processor.  As  before,  with  the  rapid  ad¬ 
vance  of  digital  technology  this  unit  represents  a  reasonable  extension  of  today's 
technology. 


6.  CONCLUSION 

The  JTIDS  II/DTDMA  Command  and  Control  Terminals  will  provide  JTIDS  Phase  II  require¬ 
ments.  Multi-channel  secure,  anti-jamming  digital  data  and  voice  communication,  precision 
ranging  and  relative  grid  navigation  interoperability  with  JTIDS  I  TDMA  as  well  as  conven¬ 
tional  Tacan  and  IFF  services  are  offered. 

The  DTDMA  architecture  assures  minimum  impact  transparent  interfaces  for  providing 
high  rate  16  kbps/low  rate  (2.4  kbps)  digital/data  voice,  Link-4A  (TADIL  C) ,  Link  11 
(TADIL  A)  and  TADIL  B. 

The  promise  of  flexibility,  multi-function  and  multi-platform  applicability,  and  high 
performance  anti- jamming ,  secure  communications  makes  JTIDS/DTDMA  a  very  attractive  candi¬ 
date  for  JTIDS  Phase  II.  It  is  currently  under  further  development. 


3  16KBPS  VOICE 
CHANNELS 


OPERATORS 

CONSOLE 

OPERATORS 
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Figure  4.  JTIDS  II/DTDMA  Command  and  Control  Terminal  -  CVA  Interface 
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Figure  5.  Production  JTIDS  II  Command  and  Control  Terminal  (TFH  Logic) 
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SUMMARY 

ITT  Avionics  Division  is  currently  under  contract  with  the  JTIDS  Joint  Program 
Office/Naval  Air  Development  Center  to  develop  tactical  terminals  employing  the  JTIDS  II/ 
DTDMA  architecture  (See  Section  IVB) .  During  JTIDS  Phase  I,  TDMA  was  introduced  to  handle 
total  connectivity  digital  communication  and  relative  navigation.  Distributed  TDMA,  an 
approach  to  JTIDS  Phase  II  (JTIDS  II),  expands  this  capability  by  providing  increased  data 
rate  capability  and  additional  C-N  I  functions. 

The  JTIDS  II  Tactical  Terminal  provides  secure,  anti-jam,  digital  data/voice  communi¬ 
cations  and  relative  navigation  in  the  DTDMA  and  TDMA  architectures.  The  standard  airborne 
Tacan  and  IFF  transponder  functions  are  integrated  with  JTIDS  into  the  single  terminal. 


1.  INTRODUCTION 

ITT  Avionics  is  currently  under  contract  to  the  U.S.  Navy  and  the  JTIDS  Joint  Program 
Office  to  build  JTIDS  Phase  II  Tactical  Terminals (1 ) .  These  terminals  accomplish  multiple 
digital  voice/data  functions  and  relative  navigation  within  the  JTIDS  II  Distributed  Time 
Division  Multiple  Access  (DTDMA)  architecture,  interoperate  with  JTIDS  Phase  I  terminals 
employing  the  TDMA  architecture ,  and  also  perform  the  standard  airborne  Tacan  and  IFF  trans 
ponder  functions.  The  Tactical  Terminals  are  to  be  used  on  small  platforms  including  tacti 
cal  aircraft  and  small  ships  for  the  primary  purposes  of  providing  secure,  anti-jam  digital 
communications  and  precision  navigation.  The  JTIDS  II  Tactical  Terminal  functions  and  cap¬ 
abilities,  its  overall  design,  its  integration  and  installation  into  airborne  platforms  and 
the  projected  production  configuration  of  the  terminal  are  described  in  this  paper. 


2.  TERMINAL  FUNCTIONS  AND  CAPABILITIES 

The  JTIDS  II  Tactical  Terminal  functions  which  were  selected  for  inclusion  in  the 
terminals  resulted  from  operational  scenario  analyses  performed  by  the  U.S.  Armed  Forces 
and  the  JTIDS  Joint  Program  Office.  The  functions  represent  a  consensus  of  which  capabil¬ 
ities  are  required  in  a  JTIDS  Tactical  Terminal  for  a  tactical  fighter  aircraft.  Although 
not  specifically  limited  to  a  single  aircraft  type,  the  U.S.  Navy’s  F-14  was  used  as  the 
candidate  for  defining  representative  operational  requirements.  The  Tactical  Terminal  is 
also  applicable  to  other  platforms  such  as  the  F-4,  F-15,  F-16,  F-18  and  A-7. 

The  terminal  functions  and  the  resultant  digital  data  rates  are  summarized  in  Table  1. 
The  JTIDS  functions  are  segregated  between  the  Distributed  TDMA  (DTDMA)  and  the  TDMA  archi¬ 
tectures.  The  terminal  yields  the  full  anti- jam  protection  of  the  JTIDS  architectures,  in¬ 
cluding  the  spread  spectrum  pseudo-random  (PR)  phase  coding,  the  PR  fast  frequency  hopping 
common  to  TDMA  and  DTDMA  and  the  transmission  of  each  JTIDS  pulse  at  random  times  as 
uniquely  provided  by  the  DTDMA  architecture  (See  Reference) . 

The  random  transmission  of  pulses  permits  concurrent  transmission  and  reception  of 
messages,  which  in  turn  permits  a  DTDMA  terminal  to  participate  simultaneously  in  asynchro¬ 
nous  (time  independent)  nets.  The  Tactical  terminal  is  designed  to  synchronize  with  and 
communicate  and/or  navigate  on  any  four  of  128  synchronous  or  asynchronous  time  nets.  It 
will  also  simultaneously  interoperate  with  the  TDMA  net. 

The  digital  voice  channels  are  compatible  with  standard  16  kbps  CVSD  modulated  voice. 
Each  voice  channel  has  an  interface  with  a  KY-58  voice  encoder/decoder.  One  voice  channel 
can  be  automatically  reconfigured  to  provide  relay  service  to  terminals  beyond  line-of- 
sight  of  the  transmitting  terminal. 


(1)  JTIDS  Joint  Program  Office/Naval  Air  Development  Center  Contract  No.  N62269-76-C-01 05 
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Table  1.  JTIDS  II  Tactical  Terminal  Functions  and  Capabilities 


DTDMA  FUNCTIONS 

One  16  kbps  Direct  Voice  Channel 
One  lb  kbps  Direct  or  Relay  Voice  Channel 
Link  4A  (TADIL  C)  Digital  Data  Link 
One-Way  (CAINS,  Waypoint) 

Two-Way  (Command  and  Control,  ACLS) 

Link  11  (TADIL  A)  Digital  Data  Link  Relay 
Relative  Navigation 

Peak  Data  Rate  Loading  Of  Above  Functions 
Receive  -  50  kbps 

Transmit  -  40  kbps 

Data  Rate  Capacity  (DTDMA)  Of  Terminal 
Receive  -  70  kbps 

Transmit  -  50  kbps 

TDMA  FUNCTIONS 

Relative  Navigation  Interoperability 
Net  Management  Processing 
Round  Trip  Time  Measurement 
Data  Rate  Capacity  (TDMA)  Of  Terminal 
Receive  -  7^kbps 

Transmit  -  70  kbps 

AIRBORNE  TACAN  (SIMILAR  TO  AN/ARN-84 ) 

Receive,  Transmit/Receive,  and  Air-to-Air  Modes 
Tacan  Inverse  Mode 

IFF  TRANSPONDER  (SIMILAR  TO  AN/APX-72) 

AIMS  Mark  XII  Modes  1,  2,  3/A,  C  and  4 


One-way  and  two-way  Link-4A  digital  data  channels  are  provided  for  all  operational 
Link-4A  functions  on  the  F-14.  These  include:  (1)  the  Carrier  Aircraft  Inertial  Naviga¬ 
tion  System  (CAINS)  on-deck  alignment  function  and  (2),  the  waypoint  insertion  function, 
both  of  which  are  one-way  assigned  access  transmissions  to  the  aircraft  terminal,  (3),  the 
Naval  Tactical  Data  System/Airborne  Tactical  Data  System  (NTDS/ATDS )  command  and  control 
function  and  (4),  the  Aircraft  Carrier  Landing  System  (ACLS)  function,  both  of  which  are 
two-way  command  access  digital  data  transmissions. 

The  Link-4A  channels  of  the  Tactical  Terminal  provide  transparent  link  operation; 
that  is,  switching  of  Link-4A  operation  from  the  current  UHF  data  links  to  the  JTIDS-1I 
secure,  anti-jamming  channels  does  not  affect  the  baseband  processing  and  display  func¬ 
tions  of  Link-4A  operation.  This  transparency  capability  arises  from  the  compatibility  of 
the  DTDMA  Link-4A  timing  and  data  formats  with  the  standard  timing  and  data  formats  of  cur¬ 
rent  shipboard  and  airborne  Link-4A  computers.  The  DTDMA  Link-4A  channels  use  Reed-Solomon 
error  detection  and  correction  coding  to  provide  an  increased  level  of  jamming  immunity. 

The  DTDMA  Link-11  relay  channel  also  employs  Reed-Solomon  error  detection  and  cor¬ 
rection.  The  Relay  Link-11  channel  provides  relay  service  to  users  beyond  line-of-sight 
of  the  terminal  initiating  a  Link-11  report. 

The  Tactical  Terminal  provides  an  interoperable  JTIDS  I  TDMA  or  a  DTDMA  Relative  Nav¬ 
igation  Channel.  Precision  measurement  of  ranges  between  participating  aircraft  is  used, 
together  with  available  navigation  data  from  other  aircraft  and  from  on-board  inertial 
sensors,  to  achieve  an  accurate,  three-dimensional  navigation  grid  for  multiple  terminal 
operat ions . 

The  TDMA  (JTIDS  I)  channel  supports  the  full  128  time  slots  per  second  capacity  of  a 
JTIDS  I  net.  Accesses  to  these  time  slots  are  scheduled.  Maximum  receive  data  rate  for 
this  channel  is  70  kbps.  The  TDMA  channel  usage  will  typically  be  used  for  interoperabil¬ 
ity  with  terminals  having  only  a  JTIDS  I  TDMA  capability.  A  possible  scenario  is  partici¬ 
pation  in  a  JTIDS  I  relative  navigation  net,  using  the  position  reports,  round-trip  timing 
interrogations  and  replies,  and  not  entry  and  slot  assignment  messages  of  the  JTIDS  1 
Interim  Joint  Message  Standards  (IJMS). 

The  Tacan  interrogator  function  includes  the  standard  Receive  (RFC) ,  Transmit  Receive 
(T/R) ,  and  Air-to-Air  (A/A)  modes  operational  on  tactical  aircraft.  In  addition,  the  Tacan 
Inverse  mode  is  provided.  On  aircraft  equipped  with  a  rotating  type  Tacan  antenna,  placing 
Tacan  in  the  inverse  mode  causes  the  antenna  pattern  to  rotate  at  a  15  Hz  rate.  This  per¬ 
mits  the  Tactical  Terminal  to  measure  bearing  to  another  platform  transmitting  normal 
Tacan  signals. 


The  IFF  transponder  function  of  the  Tactical  Terminal  is  similar  to  that  provided  by 
the  AN/Arx-72  IFF  set.  Included  are  the  AIMS  Mark  XII  transponder  modes  (1,  2,  3  A,  C  and 
4)  . 


(See  Figure  8) . 

With  these  basic  definitions  of  the  generic  channel 
channel  designs  for  JT1DS  II/DTDMA. 


types  we  present  two 


illustrative 
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The  functions  described  above  have  been  specified  for  the  JTIDS  II  Tactical  Terminal. 

It  should  not  be  construed  that  the  design  is  restricted  to  these  functions  cr  channels. 

The  software  programmable  channel  architecture  of  DTDMA  permits  a  specific  channel  with  its 
unique  data  rate,  message  length,  or  access  protocol,  to  be  readily  included  in  the  termi¬ 
nal.  Design  boundaries  to  be  considered  are  the  overall  capacity  of  the  terminal  as  limited 
by  the  number  of  receivers,  the  specified  transmitter  duty  cycle,  and  the  real-time  pro¬ 
cessing  capability  of  the  digital  hardware. 


3.  TERMINAL  DESIGN 

The  design  approach  taken  with  the  JTIDS  II  Tactical  Terminal  was  to  achieve  its 
multiple  communication,  navigation  and  identification  (CNI)  functions  through  maximum  time 
sharing  of  hardware,  thereby  reducing  the  total  hardware,  and  to  maximize  the  use  of  micro¬ 
processors  in  lieu  of  discrete  digital  logic.  The  Tactical  Terminal  electrical  design  is 
generally  similar  to  the  JTIDS  II  Command  Terminal  with  some  important  differences. 

A  major  advantage  of  DTDMA  is  that  with  reduced  data  rate  requirements,  the  number  of 
receiver  channels  can  be  reduced  while  still  maintaining  full  anti-jamming  protection. 

Thus,  the  Tactical  Terminal  needs  only  two  receiver  channels  for  JTIDS  whereas  the  higher 
data  rate  Command  Terminal  has  four  receivers.  Since  each  receiver  channel  includes  not 
only  an  IF  amplifier  but  also  a  frequency  synthesizer,  a  spread  spectrum  pulse  compressor/ 
detector,  and  real-time  digital  controlling  circuitry,  the  elimination  of  receivers  without 
loss  of  anti-jamming  protection  is  a  significant  cost  and  size  savings.  DTDMA  further  per¬ 
mits  one  to  configure  a  single  receiver  terminal  at  lower  data  rates,  while  again  maintain¬ 
ing  full  anti-jam  protection.  This  single  receiver  approach  is  feasible  for  JTIDS  Class  3 
terminals,  used  as  Army  manpacks  or  for  missile  guidance. 

The  simplified  block  diagram  (Figure  1)  shows  that  the  Tactical  Terminal  has  two  time- 
shared  receivers  for  JTIDS  and  Tacan  and  a  dedicated  IFF  receiver,  all  serviced  by  a  com¬ 
mon  RF  front  end.  The  spread  spectrum  pulses  from  each  JTIDS  receiver  feed  an  IF  pulse 
compressor/correlator  which  uses  a  programmable  SAW  pulse  compressor.  The  SAW  compressor 
has  near  optimum  processing  gain  and  therefore  produces  better  anti-jam  performance  than 
suboptimum  implementations  such  as  digital  or  CCD  pulse  correlators.  The  transmitter's 
solid-state  exciter  and  power  amplifier  outputs  JTIDS,  Tacan  and  IFF  pulses  each  of  which 
is  appropriately  shaped  by  the  amplitude  modulator.  The  transmitter's  frequency  bandwidth 
covers  all  JTIDS/Tacan/IFF  frequencies.  The  output  pulses  are  interleaved  in  real-time 
with  a  peak  power  of  200/800  watts  for  JTIDS  and  800  watts  for  Tacan  and  IFF. 

The  terminal  further  contains  analog  and  digital  processing  hardware  for  Tacan  and 
IFF.  The  Tacan  processing  algorithms  have  been  designed  to  give  specified  range  and  bear¬ 
ing  accuracy  while  only  utilizing  a  single  receiver  for  approximately  1  percent  of  real 
time.  Having  highest  priority,  when  an  IFF  interrogation  is  detected,  the  transmitter  is 
instantly  made  available  for  the  IFF  response. 
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Figure  1.  JTIDS  II  Tactical  Terminal  (Simplified  Block  Diagram) 


provideVu^OOlTbps  data  rate^includin^thp6  Uni°n  °f  23  BaSi°  Channels  (BC)  in  order  to 

andShfr°m  a  ComP°site  Channel  which  is  divided"7nto9Ivnch™b '  *  °Verhead‘  The  23  Basic  Chan- 
and  has  an  average  event  rate  of  3508  Hz.  t0  synchronlzatlon  and  data  subchannels. 


w-1 


Multiple  microprocessors  execute  the  scheduling  anu  processing  of  the  DTDMA/TDMA 
JTIDS  and  Tacan  events.  The  transmission  or  reception  events  for  the  various  functions 
are  scheduled  and  time  ordered  prior  to  the  actual  time  of  the  event.  Also  completed  dur¬ 
ing  this  time  is  the  encryption  and  Reed-Solomon  encoding  of  data  for  transmission  plus 
processing  of  pseudo- random  code  for  phase  coding  arl  determination  of  the  RF  frequency. 
All  functions  timeshare  a  single  Reed-Solomon  decoder. 

The  terminal  processor  is  a  general-purpose  computer  which  executes  such  algorithms 
as  relative  navigation,  Tacan  tracking,  control/display,  terminal  ini tial izat ion,  message 
processing  and  interface  control. 


4.  INSTALLATION  AND  INTEGRATION  OF  THE  JTIDS  II  TACTICAL  TERMINAL  INTO  AIRBORNE  PLATFORMS 


The  JTIDS  II  Advanced  Development  Model  Tactical  Terminals  currently  being  built  under 
U.S.  Navy  contract  consist  of  three  units  per  terminal.  (The  production  terminal,  des¬ 
cribed  later  in  this  paper,  will  have  two  units  per  terminal.)  As  shown  in  Figure  2,  the 
three  units  of  the  current  terminal  are  the: 


•  CN I  Transceiver  Unit 

•  CN I  Processor  Unit 


•  Interface  Unit 

In  general,  the  partitioning  of  functional  hardware  conforms  to  the  names  of  the 
units.  The  CNI  Transceiver  Unit  contains  all  the  receiving  and  transmitting  hardware  plus 
the  IFF  processor.  The  CNI  Processor  Unit  is  primarily  the  digital  processing  unit,  but 
also  contains  the  two  IF  pulse  compressors/correlators,  analog  Tacan  processing  hardware, 
and  a  power  supply.  The  Interface  Unit  contains  the  digital  interfaces  to/from  other  equip¬ 
ments,  the  analog  signals  for  Tacan  instruments,  and  a  second  power  supply. 

The  Interface  Unit  is  a  form  and  fit  replacement  for  the  AN/ARN-84  Tacan  Receiver- 
Transmitter  and  associated  Signal  Data  Converter,  which  is  installed  on  the  F-14  aircraft. 
This  approach  simplifies  F-14  (or  any  platform  containing  Tacan)  modification  since  the 
Tacan  Control,  Attitude  Heading  and  Reference  System  (AHRS) ,  and  Tacan  instruments  inter¬ 
connections  can  be  made  without  aircraft  rewiring.  Of  importance  is  that  replacement  of 
the  Tacan  equipment  reduces  the  perennial  space  problem  associated  with  installing  new 
equipments  during  aircraft  modification  programs. 

The  Link-4A  digital  interface  to  the  ASW-27B  and  AWG-9  equipments  in  the  F-14  allows 
the  JTIDS  terminal  to  supplant  functions  normally  done  by  the  existing  UHF  Link-4A  equip¬ 
ment  without  any  change  to  onboard  hardware,  computer  software,  or  Link-4A  system  timing. 
This  is  referred  to  as  a  " transparent"  interface.  The  digital  Link-4A  signals  can  be 
transmitted  and  received  via  JTIDS  (with  added  encryption  and  anti -jam  capability),  instead 
of  via  the  UHF  Link-4A  data  link,  without  any  change  to  the  user  equipments.  The  JTIDS 
equipment  could  also  potentially  eliminate  the  ASW-27B  UHF  Link-4A  equipment  if  a  rela¬ 
tively  small  amount  of  interface  hardware  is  added  to  JTIDS. 


Fi.ure  2. 
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While  the  emphasis  has  been  placed  on  the  F-14  aircraft,  the  same  general  approach 
can  apply  to  a  multitude  of  platforms.  Since  the  JTIDS  II  Tactical  Terminal  includes 
the  Tacan  function,  the  existing  Tacan  can  be  eliminated.  Further,  an  advantage  of  the 
DTDMA  architecture  is  that  digital  messages  of  virtually  any  format,  rate,  and  particular 
access  timing  can  be  accommodated  by  a  DTDMA  Communications  Channel.  These  "transparent" 
interfaces  with  JTIDS  reduce  the  need  for  changes  to  equipments  with  which  JTIDS  will  inter¬ 
face.  The  Tactical  Terminal  also  contains  the  IFF  transponder  function,  thereby  allowing 
the  existing  IFF  transponder  to  be  removed.  The  potential  also  exists  for  the  partial 
elimination  of  multiple  UHF  or  VHF  voice  sets.  Finally,  the  integrated  JTIDS/IFF  and  Tacan 
functions  use  the  same  antenna  subsystem  and,  on  most  platforms,  the  Tactical  Terminal 
should  utilize  the  existing  Tacan  and/or  IFF  antennas. 


5.  PRODUCTION  JTIDS  II  TACTICAL  TERMINAL 

The  current  equipment  has  three  units  per  terminal.  The  production  JTIDS  II  Tactical 
Terminal  will  be  packaged  within  two  units,  the  CNI  Transceiver  and  CNI  Processor  (Figure  3). 
The  CNI  Transceiver  functionally  will  be  the  same  except  it  will  contain  the  Tacan  inter¬ 
face  and  will  be  implemented  with  the  latest  technology.  The  CNI  Processor  will  contain 
not  only  the  processing  functions,  but  also  the  interface  hardware  and  power  supply  which 
had  been  packaged  separately  in  the  Interface  Unit. 

The  CNI  Transceiver  Unit  would  replace  the  AN/ARN-8 4  Tacan  and  provide  the  installa¬ 
tion  advantages  described  in  the  prior  section.  Both  units  have  the  same  ARINC  one  ATR 
cross  section  (maximum  dimensions  of  10-1/8  inches  wide  by  7-5/8  inches  high)  and  have  a 
combined  volume  of  1.35  cubic  feet. 


6.  CONCLUSIONS 

The  JTIDS  Phase  II  Tactical  Terminal  will  provide  secure,  anti-jam  communication, 
coupled  with  conventional  Tacan,  precision  relative  navigation  and  IFF  transponder 
functions . 

The  terminal  includes  two  16  kbps  digital  voice,  voice  relay,  Link  11  (TADIL  A) 
relay,  and  one-way/two-way  Link-4A  (TADIL  C)  channels  in  the  JTIDS  DTDMA  architecture.  In¬ 

teroperability  with  JTIDS  TDMA  terminals  is  provided.  Precision  position  location  is 
available  via  the  relative  navigation  function. 

Installation  and  integration  of  the  terminal  is  enhanced  by  the  potential  replacement 
of  existing  Tacan,  IFF  and  UHF  voice  sets  and  the  utilization  of  existing  antennas.  Trans¬ 
parent  interfaces  minimize  or  eliminate  modification  of  interfacing  equipment. 

The  production  JTIDS  II  Tactical  Terminal  will  be  two  units,  the  CNI  Transceiver  and 
CNI  Processor,  with  a  total  terminal  volume  of  1.35  cubic  feet. 
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Figure  3. 


JTIDS  II  Tactical  Terminal  (Production) 
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The  SEEK  BUS  Program  was  a  U.S.  Air  Force  project  to  develop  an  improved  informat  ion  distribution 
capability  in  support  of  Air  Force  tactical  operations.  The  SEEK  BUS  Program  was  merged  with  other 
Service  programs  under  the  Department  of  Defense  UVD)  Joint  Tactical  Informal  ion  Distribution  System 
( JTIDS)  Program.  The  SEEK  BUS  information  distribution  capability  was  based  on  a  Time  Division 
Multiple  Access  iTPMA'  system  architecture.  The  proposed  design  provided  for  the  netting  of  tactical 
Consitand  and  Control  ami  aircraft  elements  in  a  wide  area,  broadcast,  receiver  oriented,  digital 
information  rad io  common icat ions  system.  Each  command  and  control  element  and  aircraft  would  be 
equipped  with  a  SEEK  BUS  terminal  to  compose  an  information  distribution  network.  Each  element  would 
be  capable  of  transmitting  informal  ion  into  the  net  and  extracting  informat  ion  from  the  net.  It  was 
expected  that  potential  applications  of  SEEK  BUS  were  the  U.S.  Air  Force  E-3A  aircraft.  Tactical  Air 
Fore e  Comma nd  a nd  Con t r o 1  e lements ,  and  tactical  aircraft. 

To  demonstrate  ami  evaluate  this  potential  application,  the  Air  Force  conducted  a  series  of 
demons!  t at  ions  as  an  adjunct  to  basic  engineering  development  activities.  These  demonst rat  ions 
attempted  to  explore  operational  requirements  and  needs  in  tactical  warfare.  Thov  were  also  intended 
to  provide  the  potential  user  with  insight  to  the  development  effort.  In  addition,  it  was  intended 
as  an  opportunity  for  the  development  coimunity  to  obtain  an  early  view  of  system  usage  and  the  real 
world  env i ronmenta l  conditions. 

The  SEEK  BUS  demonst rat  ions  bv  their  very  nature  were  limited  in  scope  bv  time  schedules  and 
funding  levels  available.  Within  these  constraints  the  demonstration  activities  were  structured  to 
illustrate  and  demonst rate  the  accompl i shment  of  operational  tasks  and  functional  activities  rather 
than  technical  performance.  Although  emphasis  was  placet!  on  the  former,  significant  technical 
per formancos  were  achieved  and  established  a  good  design  baseline  for  the  JT1DS  design  approach. 

The  SEEK  BUS  Demonstrations  were  conducted  in  highly  concentrated  time  periods.  The  engineering 
preparation  efforts  for  these  Demonstrations,  to  include  the  building  of  hardware  and  software  and 
the  extensive  test  and  checkouts,  contributed  to  the  advancement  of  the  overall  development  effort. 
Hardware  and  software  for  these  demonst vat  ions  became  the  basis  for  the  present  development  steps  in 
the  .IT  IDS  Frog  ram. 

Three  SEEK  BUS  demonst ra t  ions  were  conducted*. 

(a)  F.  -  3A  Brassboard  Demonst  rat  ion  in  Europe; 

lb'  E**3A/SEEK  BUS  System  Integration  Demonst rat  ion  in  the  United  States;  and 
(c)  E-3A/SEEK  BUS  System  Integration  Demonstrat ion  in  Europe. 

E-1A  BRASSBOARD  DEMONSTRATION  IN  EUROPE 

The  SEEK  BUS  Advanced  Development  Program  was 
concluded  with  a  demons t ra t ion  in  the  European 
environment,  in  conjunction  with  the  E- !A 
Brassboard  Operational  Tests  in  April,  1973.  The 
goal  was  to  interface  with  several  systems  that 
were  already  marking,  but  not  integrated  in  the 
European  environment.  As  shown  in  Figure  1, 
experimental  SEEK  BUS  terminals  were  installed  in 
the  E- !A  Rras aboard  aircraft  am!  interfaced  with  a 
NATO  Aw  Defense  Control  and  Reporting  Center 
ICRO',  a  407L  Control  and  Reporting  Center  and  a 
HAWK  Surface  to-Air  Missile  site.  A  KC-1JS 
aircraft  was  equipped  with  a  SEEK  BUS  terminal  to 
act  as  a  relay.  Track  position  information 
acquired  bv  the  E  IA  was  passed  to  all  three 
ground  facilities  either  direct  tv  or  through  the 
relay,  and  track  position  information  from  4071. 
was  re  laved  to  both  NADCE  and  HAWK  via  the  SEEK  FIGURE  l.  SEEK  BI  S  CON F 1 0. V RAT \ ON  IN  GERMAN'S 

BUS  net  using  either  F.-3A,  or  the  KC-13S  relay 

aircraft.  During  some  missions,  the  re  lav  function  was  traded  back  and  forth  between  the  F  L\  and 
the  KC-13S,  demonst rat ing  how  easilv  any  participant  in  a  SEEK  BUS  network  could  be  u«ed  as  a  relay 
This  was  the  first  time  that  digital  data  had  ever  been  exchanged  between  40 "l.  and  NADCE  and  between 
4071.  and  HAWK. 

These  tests  demonstrated  the  basic  operational  flexibility  of  the  SEEK  BUS  net,  and  the  ease  with 
which  it  could  be  deployed  and  interfaced  with  a  variety  of  operational  elements. 


digital  voice  communication  is  the  standard  16  kbps  continuous  variable 
D)  modulation  for  full  Tri-Tac  compatibility  and  interoperability.  Either 
participation)  or  closed  (limited  participation)  DTDMA  channels  may  be 
ction  IVB) .  Relay  of  digital  voice  transmissions  in  the  same  formats  is 


I 
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'During  the  Adriatic  part  of  the  E-3A 
Brassboard  Demonstration,  SEEK  BUS  equipment  was 
deployed  to  a  NADGE  CRC  facility  at  Potenza 
Picena,  Italy  and  to  a  407L  CRP  located  at  Neu  Ulm 
in  southern  Germany.  As  shown  in  Figure  2,  a 
KC-135  aircraft  relay  stationed  over  the  Alps  was 
used  to  relay  E-3A  data  obtained  from  the  Adriatic 
area  into  southern  Germany.  The  information  was 
then  transmitted  by  troposcatter  communications  to 
a  Control  and  Reporting  Post  at  Ramstein,  Germany 
and  made  available  to  the  USAFE  Headquarters  staff 
there . 

The  redeployment  of  the  SEEK  BUS  equipment  and 
the  establishment  of  the  communications  links  were 
done  over  a  weekend,  again  demonstrating  the 
coverage,  mobility,  flexibility  and  ease  of 
interface  implicit  in  the  SEEK  BUS  concept.  It 
would  take  months  to  implement  an  equivalent 
coimnun icat ions  facility  by  conventional  means. 

The  distribution  of  E-3A  tracks  in  central  Europe,  once  they  were  entered  at  the  three  ground 
entry  points  at  the  Erndtebruck  and  Sembach  CRPs  and  the  U.S.  Hanau  Army  Hawk  site,  took  in  a  lot  of 
territory.  The  E-3A  track  information  was  distributed  throughout  the  NATO  air  defense  ground 
environment  in  Second  Allied  Tactical  Air  Force,  throughout  the  412L  system  and  into  the  French 
STRIDA  System  at  Contrexevil le ,  France.  At  the  same  time,  track  information  spread  throughout  the 
407L  environment  in  southern  Germany.  In  addition  to  showing  the  basic  information  distribution 
capabilities  of  SEEK  BUS,  its  compatibility  with  existing  command  and  control  systems  and  in-place 
ground-to-ground  communications  was  dramatically  illustrated. 

During  the  Adriatic  portion  of  the  Brassboard  Demonstration,  information  entered  the  ground 
system  at  Potenza  Picena,  and  was  passed  throughout  the  Italian  and  central  European  NADGE 
environment.  In  addition,  as  noted  earlier,  SEEK  BUS  relayed  the  information  over  the  Alps  via  the 
KC-135,  into  the  407L  system.  Again,  a  dramatic  demonstration  of  the  basic  capabilities  of  SEEK  BUS 
as  well  as  its  ability  to  operate  compatibly  with  presently  installed  systems. 

E-3A/SEEK  BUS  SYSTEM  INTEGRATION  DEMONSTRATION  IN  THE  UNITED  STATES 

Subsequent  to  the  conduct  of  the  E-3A  Brassboard  Demonstration  in  Europe,  the  SEEK  BUS  Program 
moved  into  the  engineering  development  phase  and  the  E-3A  proceeded  into  the  full  scale  development 
phase  in  which  a  prototype  E-3A  was  developed.  As  part  of  these  development  activities  a  System 
Integration  Demonstration  (SID)  was  conducted  in  the  United  States  in  the  fall  of  1974. 

Interim  SEEK  BUS  terminals  were  configured  by  the  Boeing  Aircraft  Comp an v  and  the  MITRE 
Corporation  for  the  E-3A  and  surface  Command  and  Control  elements.  The  MITRE  Corporation  expanded 
the  Interface  Units  previously  used  in  the  1973  Demonstrations  for  use  with  the  Interim  SEEK  BUS 
terminal  at  selected  Command  and  Control  elements. 

System  Description 

The  SID  TDMA  network  involved  the  construction  of  seven  terminals.  An  Interim  SEEK  BUS  terminal 
was  installed  on  the  E--3A  aircraft  interfacing  with  the  central  data  processing  and  display 
subsystems.  Four  transportable  ground  terminals  with  modules  permitting  interfacing  with  Link  11 
(Naval  Tactical  Data  System),  TADIL  B  (407L  and  the  Army  AN/TSQ-73  BOC)  and  SAGE/BUIC.  In  addition, 
interfaces  with  412L,  LINESMAN  (United  Kingdom),  NADGE,  a  direct  interface  ( computer -to -computer) 
between  the  TDMA  terminal  and  407L,  a  direct  HAWK  battery  interface  and  STRIDA  were  configured  for 
use  in  the  later  European  phase  of  the  SID. 

A  SEEK  BUS  terminal  was  installed  on  a  KC-135 
and  operated  as  an  airborne  relay.  An 
experimental  airborne  tactical  situation  display 
developed  by  the  MIT  Lincoln  Laboratory  was 
interconnected  with  the  terminal  and  used  to 
originate  test  messages  for  system  checkout,  to 
monitor  network  operation,  and  to  display  net 
conmand  messages. 

Figure  3  is  a  representation  of  their 
employment  in  the  U.S.  SID. 


FIGURE  3.  SYSTEM  INTEGRATION  DEMONSTRATION  - 
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Table  I  is  a  sunmary  of  pertinent  technical  characteristics  of  the  Interim  SEEK  BUS  terminal. 


TABLE  I 

INTERIM  SEEK  BUS  TERMINAL  CHARACTERISTICS 


System  Data  Rate 

Number  of  Time  Slots /Cycle 

Cycle  Duration 

Time  Slot  Duration-Rate 

Information  Bits/Message 

Forward  Error  Correction 

Channel  Bandwidth 
Modulation  Technique 


Message  Security 


100  kb/s 
1000 

10  seconds 

10  ms-100  slots/sec. 
208  (416  symbols) 
Massey  1/2  rate 
convolut iona 1 
20  MHz,  26  dB  points 
Di f  ferent ia 1 ly 
coherent,  bi-phase, 
pseudo-noise 
Base  band  encryption 


Ba  te  Tern,  nal  Description 

The  basic  iDMA  terminal  is  shown  schematically 
in  Figure  4.  The  terminals,  both  airborne  and 
ground  hased ,  were  interchangeable  except  for 
power  supply,  power  filtering  arrangements  and  tht 
interfacing  subsystems.  The  major  terminal 
components  in  common  with  all  installations  were: 

o  The  Control  and  Display  Unit  (CDU)  provided 
the  means  to  set  operating  parameters  and 
initialize  the  terminal  computer.  The 
computer  interface  portion  of  the  CDU  logic 
provided  the  multiplexing,  buffer  storage,  anc 
control  functions  necessary  to  implement 
two-way  digital  communication  between  the  IBM 
CP-2  Computer  and  the  Transmi t ter /Rece iver . 

The  CDU  logic  also  maintained  precise 
determination  of  message  transmit  and  receive 
times. 

o  The  IBM  CP-2  Computer  with  a  stored  computer 
program  was  used  to  control  the  data  flow  and 
to  process  data.  The  computer  program  also 
provided  processing  to  synchronize  the 
terminal  for  transmission  and  reception. 

o  The  Message  Security  Unit  encrypted  and 
decrypted  outgoing  and  incoming  data  to 
provide  secure  information  transfer. 

o  The  Spread  Spectrum  Modem  (SSM)  interfaced  the 
CDU  logic  with  the  t ransmi t ter /rece iver  by 
modulating  and  demodulating  a  64  MHz  carrier 
with  information. 

o  The  Transmi t ter /Rece iver  was  a  100  watt,  464.5 
MHz  solid-state  transmitter  with  a  6  dB  noise 
figure  receiver. 

o  The  Interface  Unit  varied  to  suit  the  details 
of  format,  network  protocol  and  electronic 
interfaces,  depending  upon  the  interfacing 
user. 

E-3A  Installation 


The  Interim  SEEK  BUS  terminal  was  installed  on 
the  prototype  E-3A  as  a  test  only  installation. 

The  E-3A  interface  configuration  is  illustrated  in 
Figure  5.  The  SEEK  BUS  station  is  shown  in  Figure 
6  with  the  CDU  visible. 

The  data  interface  with  E- 3A  was  made  through 
a  Boeing  developed  module.  This  module  provided 
suitable  handshaking  functions  through  the 
standard  E-3A  da  .a  Input  /Output  (I/O!,  ►v»e 
Interface  Adapter  Unit(IAU)  to  the  central  47rCC-l 
Computer  of  the  E-3A  Data  Processing  Functional 
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FIGURE  4.  SEEK  BUS  TERMINAL  CONFIGURATION 


FIGURE  6.  K-3A  TDMA  STATION 
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Guni|  fKlI).  Tin*  DPKC  p<*rformi,il  Ihc  tracking 
fuiu  l  lonN  lilting  mit.ir  d.i(.i  from  the  Went  iughotise 
•irborne  i. idat  uroup,  drove  v'onwiAiul  and  control 
isplavs  and  p<*i  f ornunl  flu*  pi  mu- i pal  data 
procesting  !  mu- 1  ions  «>  I  tin*  K  'A 

C round  Toimin.ilH 

The  torn*  ground  SKKK  HUS  loutii mi  1  s  were 
..  -tailed  in  t  i  .in  spot  t  .ihli'  shelters,  des  ign.it  ed  A. 
I*.  0  ,iiul  0.  with  inlet  face  units  th.it  wric  adapted 
t*>  thr  ti-i|iin>  units  ot  tin*  p.n  t  ic  i  p.it  i  ng  command 
.in*l  contiol  ot  |i.in  i  .*  .it  i  on  . 

Tin*  A  sheltet  was  capable  ot  being  operated  .is 
,i  "stand  a  loin- ’  tar i  lit v  l  i  e  *1  i*l  not  m*i**l  to 
ho.'!,  into  in  i'xisi  inn  o-ntfi  '  .  Tin*  shelter 
*-*>nt.iin«**l  a  Motorola  T.ii-t  iral  Modular  (  TAl^MOO) 
con  sol  i*  c.ip.ib  ’  •*  ot  :  laving  the  location, 

alt  i  tu*l»*,  v«  t 1  t  ,  and  pert  inent  status 

in  tor  mat  i -mi  o  •  airborne  and  surface  tiacks.  A 
hard  wired  «lata  buftei  an*l  a  POP  8  1  Computer 
prov  de*1  an  :  r :  •  .  ’.nr  between  the  SKKK  HUS 
term  -  *  uvl  '»«*  ’AvlMOD  console.  Tins 
conlijt-  »ti  if  a  Surl.'u  e  f  o  Ait  Missile  (SAM^ 
ue  i  •  '  -p.  t  e«l  in  Figure  7. 
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die  iters  B  and  C  we:e  used  i  nt  e  rehange.ib  l  v 
W  NTOS  (1.1  Ilk  in.  NADCK.  1  ?l. ,  and  SACK. 

K.g  e  8  i  1  lus  ,  ates  the  con  t  i  guts  t  i  on  as  used 
with  an  NTOS  t.iilitv.  1/0  channels  ot  a  POP  8/K 
■input et  with  data  butters  weie  used  with  an  NTOS 
Message  Control  Unit,  and  a  bit'  11  adaptor  to 
comprise  a  TOMA  to  l.ink  11  conversion.  Thus, 
othei  NTOS  ship  oi  shore  installat  ions  were  able 
to  participate  in  the  interoperability 
demon st  rat  ions  bv  means  ot  I. ink  11  even  t  hough  not 
possessing  TOMA.  A  standard  SACK  mode  in  was  used 
as  an  adaptet  unit  to  intei  tarn  with  SACK/BU1C 
th  tough  a  land  line  channel  Figure  illustrates 
tit**  SACK  HUH*  intet  lace 

Shelter  0  was  used  t  i  nt  e  ropera  t  e  with  a  AO  71. 
Control  and  Reporting  Centei  (CRCV  The  SKKK  BUS 
tei  irina  1  was  inlet  laced  d  *  rec  f  lv  wi  h  a  spare 
input  rout  pi  hauiw*  1  ot  the  Hughes  '•  I  l  8  Compute*! 
used  in  Che  CRC .  Tracks  inputted  hv  the  K  h\  wri r 
received  hv  the  terminal  and  ent  ei  e.l  into  the  CRC 
.lata  base  and  ilired  as  part  ot  tin*  CRC's 
live  i  1  lame  p  turn.  The  t  racks  were  forwarded 
h*  the  CRC  over  an  associate*!  data  link,  thus 
p i  ov  i *1 1 ng  ext  ended  •  vve  i  1 1  an*- e  *  ap.ib i  1  i  t  v  t  o 
si  .  •  not  pat  t  icip.it  i  ig  direct  !•  in  the  SKKK  BUS 
net.  .similarly,  the  7*071.  CRC  a  1  so  transmitted  its 
own  (tacks  and  command  messages  ovei  the  TOMA 
net  .  Tli  i  s  cor  ’  i  gur.it  ion  is  shewn  schema!  icallv  in 
Figure  H). 

Ait  borne  Relay  Station 
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A  KC  1  IN  aircraft  was  equipped  with  a  SKKK  HUS 
termina*  Ttie  KC  1  IN  supported  test  and  checkout 
function  before  demon st rat i on a  and  provided  a 

link  between  the  participating  ground  units. 

An  Airborne  't attic  situation  Display  (ATSD^ 
was  inlet  laced  with  the  SKKK  HUS  terminal  in  the 
KC  l'  re  lav  airci  iff  The  ATSD  provided  the 

.  re*,  with  a  lisp'  iv  i*f  command  messages 
a  .  .  t  a  1 1  1 1 a  f I i c  in  t  he  it  vicinity,  and  map 
po  *  '**ii  T  o  high  brightness  display 

t  of  Al'SU  is  Sown  in  Figure  11.  The 

•  i  r -■  t  i  ed  the  crew  t*>  vary  the 

•  le  and  pe-.  i  f  ion  the  center  of  tin* 

•  t  own  air*  aft,  a  map  object,  or  a 

i  display  was  oriented  either 
■  aii  iaff  heading  up.  Wlien  **wn 
the  net,  a  line  was  drawn  from 
direction  of  own  aircraft 
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Th«»  ATSD  displayed  aircraft  tracks  within  a 
volume  of  airspace  defined  bv  the  operator 
controls.  One  parameter  was  the  range  from  the 
center  of  the  display  and  others  were  the  upp  r 
and  lower  limits  of  an  altitude  slice.  The 
altitude  slice  was  referenced  to  mean  sea  levc!  or 
centered  on  the  altitude  of  own  aircraft.  Figure 
11  shows  the  present  position  of  aircraft  within 
the  volume,  trail  dots  show  pas',  posit  1  us,  and 
leader  indicates  ground  trak  heading.  Thu 
traffic  tag  contains  information  on  airci  itt 
identification,  altitude,  and  g-  >und 

System  To:.t  and  Demonstration 


The  demonstration  '  ig1  w  •  ••  pi  .  'ed  ; 
comprehensive  K-3A  .  eckouf  tests.  The..-  t  st  s 
exercised  as  many  op.  rat  tonal  'mi  t  .mis  as  were 
prac  l  i  i  ’  . 

Ground-Ai:  Ground  Link  Tests 

The  princ 'hie.  t  •  of  t  h « ■  ground  u  i  r  •  ground  tests  wen*  to  determine  basic  performance  data 
‘i  rms  •  >.  •,  ■  i  *  r  rates  in  a  tual  t  light  tests.  This  included  the  effects  of  multipath, 

a  ••ni  i  1  «  1  wing  ag  i  craft  maneuvers,  .  lectro  magnetic  compatibility  (KMC)  with  on-board  and 

**x-  •  •  -»d  a*  and  .  •  "imnn  i .  at  i -mis  s  vs  terns,  limitations  .<!  antenna  pattern  (cone-of-si  lence)  and  all 

,f  «•  •  Elects  it  might  limit  operational  performance.  Most  of  these  detailed  tests  were  made 

••’tween  the  'in,,n  >  ista'led  in  the  K  1A  »nd  a  ground  terminal  located  at  the  Engineering 

.elopment  oat  •<  v  KDL)  n«  .ir  Boeing  International  Airport,  Seattle,  WA.  However,  local  terrain 
•fects  i  •  .*d  tax  unum  range  tests  Therefore,  some  tests  were  made  with  a  remote  station 
!■  '  •*  l  at  i  Boeing  facility  at  Almira,  WA.,  a  region  of  relatively  flat,  unobstructed 

r'  ain.  n  i11  t  ion  •  the  single  h« p  gronnd-air-ground  tests,  the  KC-135  relay  aircraft  was  flown 

t  Seattle  and  nticipaf  I  in  long  range  relay  test  flights. 

Flight  te-.r  ig  of  the  TDMA  link  revealed  an  average  Message  Error  Rate  (MER)  of  O.bZ  over  a 
c •  *n f  nuous  ! : n.  f  sight  during  typical  mission  profiles,  including  low  bank  angle  (10'  )  turns.  The 

•  r  t  high  hank  angle  turns  were  measured  in  a  dedicated  test  with  MER's  varying  from 
appr.  ximat.  lv  1  to  12Z  I’r.eful  operating  ranges  were  limited  by  the  line,  of  sight  (LOS)  .  The  useful 
LOS  t.rnv  trom  Eastern  Washington  for  an  air-to-ground  link  was  determined  to  be  21?  nmi,  while  the 
useful  LOS  lir  to-ai:  range  was  36  *  nmi  while  flying  at  29,000  feet  and  agreed  with  predicted  Jesuits. 

Other  laboratory  te  ts  showed  that  the  SEEK  BUS  signal  structure  was  relatively  tolerant  ot  TAi'AN 
interference,  while  it  had  negligible  effects  on  the  Distance  Measuring  Equipment  ( DME)  installed  in 
the  aircraft. 

Ne  f  work  Functional  lest s 

Functional  testing  was  performed  on  the  E-3A  and  a  ground  checkout  terminal.  After  these  tests 
were  completed,  end-to-end  flight  tests  were  conducted  between  the  E-3A  and  the  ground  checkout 
terminal  which  was,  in  turn,  interfaced  with  a  simulation  facility.  Bv  this  means,  actual  1  3A  radar 
data  was  transmitted  to  a  simulation  facility  and  displayed  in  the  consoles  as  well  as  recorded  for 
post  flight  analysis,  and  simulation  tapes,  depicting  network  operation,  wore  transmitted  to  the  K-3A 
and  displayed  on  the  airborne  consoles. 

Independent  testing  was  performed  between  the  KC-135  relay  aircraft  and  the  ground  terminals 
initially  located  at  the  MTTRE  facilities  at  Bedford,  MA.  Later,  these  tests  were  repeated  aftot 
these  units  were  located  at  the  demonstration  sites.  Fly-over  tests  by  the  KC  133  permitted  network 
integration  tests. 

Demons t  rat  i  oji  K  1  i  ght  s 


On  23-24  September  1974  the  E  \\  through  SEEK  BUS  demonstrated  the  capability  to  participate  as 
an  element  in  tactical  operations.  The  demon  si  rat  ion  was  conducted  in  the  North  Carolina  area  with 
the  E-3A  exercising  operational  control  over  Close  Air  Support,  Interdiction,  Re» onna i ssance ,  Search 
and  Rescue,  Airlift,  and  Ait  Combat  Maneuver  missions.  Throughout  the  missions  the  E-3A  provided  air 
situation  information  to  the  ground  tactical  elements.  Through  the  use  ot  t.he  KC  1 3r' .  E-3A  data  was 
relayed  to  units  beyond  line  of  sight  of  the  F-3A.  The  ability  to  shute  command  and  control 
responsibilities  between  the  E  M  and  ground  elements  was  exercised. 

A  demon st rat  ion  was  conducted  to  examine  the  potent  i a  1  intei  fa.  ing  of  the  I.-3A  with  U.S.  Navy 
elements.  The  basic  objective  of  this  test  was  to  digitally  interface  E-3A  and  NTDS  and  to 
demonstrate  mutual  mission  enhancement  resulting  from  such  an  inlet  face  On  25  September  1974,  using 
fl  Dam  Neck  Navv  simulation  facility  and  two  Navy  A-6  aircraft,  two  sop  ite  simulated  attacks 
against  simulated  Navy  elements  were  made.  The  K  'A  detected  the  hostile  aircraft  as  they  initiated 
their  attacks  and  down-told  the  tracks  to  the  NTDS  facility  via  SEEK  HI'-  The  tracks  were 
simul taneouslv  relayed  to  distant  ground  based  Ait  Force  element;.  On  the  ba  i s  of  the  E-3A 
generated  tracks,  the  NTDS  facility  .  ommitted  aircraft  and  conducted  sik  rinfu  i  intercepts. 
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The  R-3A  and  SEEK  BUS  interface  units  participated  in  an  Air  Defense  exercise  in  the  Pacific 
Northwest  on  8-9  October  1974.  The  two  day  exercise  consisted  of  38  penetrations  by  exercise 
aircraft.  Target  track  data  was  down-told  from  the  K-3A  to  the  Region  Control  Center  and  provided 
the  same  air  picture  as  seen  by  tin?  K  3 A  to  the  SACK  commander.  The  low  altitude  coverage  provided 
by  the  E-JA  was  correlated  at  the  SACK  center. 

On  12  October  1974,  in  the  area  of  Southern  Florida,  the  E-3A  participated  in  a  demonstration 
with  the  Artnv's  HAWK  Surface -to  Air  Missile  (SAM)  system.  Four  waves  of  two  V  ••  FAKF.Rs  .simulate!  .-w 
altitude  attacks  against  the  HAWK  site.  The  E-3A  defected  the  aircraft  at  initial  positions  that 
were  well  beyond  and  below  the  surveillance  coverage  of  the  Army's  ground  based  radars.  Tin-  ft.i  Ks 
were  down  told  to  a  AN/TSQ  Army  Air  Defense  Command  and  Control  System  which  relayed  the  tr  ick-  l 
a  HAWK  missile  battery  under  its  control.  The  HAWK,  relying  exclusively  on  the  K  L\'s  track  .  wa 
able  to  engage  the  targets.  Through  the  SEEK  BUS  net  the  K-3A  was  also  able  to  provide  early  w 
and  low  altitude  target  data.  This  test  demonstrated  that  a  digital  interlace  with  the  K  3A  will 

enhance  the  »*  f  fee  t  i  voness  and  survivability  ot  HAWK  by  allowing  HAWK  to  employ  sir  t .  r  ,;m  i  >u 

control  and  by  providing  ear  ly  warning  and  low  alt  itudo  attack  information. 

The  SID  tullv  demonstrat  ed  the  K  M's  ability  to  accomplish  more  effect  iv.  surveillance  and 

better  airborne  command  and  control- -a  vital  stage  in  the  process  of  readying  this  dramatic  new 
capability  lor  initial  operation  in  less  than  three  years.  At  the  same  time,  the  SID  put  through  its 
paces  one  ot  f.hc  most  remarkable  in  format  ion  distribution  systems  ever  fielded.  Tn  this  series  of 
l«  ;ts.  SEEK  BUS  showed  its  ability  to  synthesize  and  refine  information  to  provide  an  immediate, 

.  omprcliens  ive  air  situation  picture  on  which  confident  tactical  decisions  can  be  based — as  well  as  to 
provide  an  important  adjunct  to  strategic  defense  and  command  and  control.  These  are  developments 
that  will  dramatically  change  the  nature  of  combat  information  response. 

L-3A/SEEK  BUS  SYSTEM  INTEGRATION  DEMONSTRATION  IN  EUROPE 


The  European  portion  of  the  E-3A/ SEEK  BUS  System  Integration  Demonstration  was  held  in  the  Spring 
of  1975  (late  March  -  early  April).  The  Demonstration  was  conducted  using  the  Interim  SEEK  BUS 
terminals  previously  used  during  the  United  States  Demonstration  period.  An  additional  interface 
capability  with  NATO  Link  1  was  added  for  the  European  Demonstrations. 


The  E-3A  deployment  to  Europe  was  designed  to 
demonstrate  various  system  capabilities  to  NATO 
members.  Numerous  sorties  were  flown  over  the 
North  Sea  and  the  Federal  Republic  of  Germany.  Ir 
addition,  an  interface  with  the  U.S.  Navy  Tactical 
Data  System  was  demonstrated  in  the 
Mediterranean.  The  SEEK  BUS  ground  interface 
units  were  deployed  to  the  European  theater  on  20 
March  1975.  The  installations  and  1 ine-of -s ight 
patterns  were  flight-checked  by  the  KC-135. 

During  each  E-3A  flight,  selected  track  data  were 
down-linked  to  various  surface  elements  via  the 
SEEK  BUS.  Figure  12  depicts  the  deployments  used 
in  the  European  Demonst rat  ion . 

Six  SEEK  BUS  terminals  were  deployed,  two 
airborne  and  four  ground  units.  During  the  first 
phase  of  the  demonstration,  three  of  the  four 
ground  interfacing  terminals  were  deployed  to  the 
following  locations:  West  Drayton  UK  LINESMAN 
Site,  a  40 7 L  Control  and  Reporting  Post  (CRP)  at 
SHAPE  Belgium  Headquarters  and  the  Uedem  FRG  NADGE  Control  and  Reporting  Center  (CRC).  The  fourth 
terminal  was  installed  aboard  the  USS  Wainwright  for  interface  with  the  Navy  Tactical  Data  System 
(NTDS).  The  KC-135  relay  was  positioned  during  the  maritime  and  tactical  demonstrations  to  provide 
transmission  coverage  for  track  data  exchange  among  the  E-3A,  LINESMAN,  NADGE  and  407L  sites.  During 
the  second  phase  of  the  deployment,  ground  interfacing  terminals  were  located  at  the  Cont rexev i 1 le 
France  ( STRIDA  II)  CRC,  the  CRP  (407L)  at  SHAPE  Headquarters,  Lauda  FRG  (412L  CRC)  and  Uedem  (NADGE) 
CRC.  During  all  these  demonstrations,  high  level  NATO  officials  observed  the  missions  at  both  the 
ground  centers  and  aboard  the  E-3A. 


FIGURE  12, 


SYSTEM  INTEGRATION  DEMONSTRATION  - 
EUROPE 


LINESMAN  Interface 


During  20  March  through  10  April  1975,  the  West  Drayton,  U.K. ,  Air  Defense  Data  Center  (ADDC)  was 
a  participant  in  the  SEEK  BUS  network  through  the  terminal  of  Shelter  B. 

The  LINESMAN  System  is  a  network  of  military  and  civilian  radars  transmitting  digitized  video 
over  phone  lines  to  the  West  Drayton  ADDC.  At  this  center,  the  information  is  collated  with 
computerized  flight  plans  and  early  warning  tracks  from  NADGE  radar  systems  to  provide  a  composite 
situation  of  displays  of  air  traffic.  After  the  deletion  of  the  low  interest  tracks,  the  remaining 
data  is  told  up  to  higher  headquarters  and  told  across  to  NADGE. 

Shelter  B  provided  a  PDP-8/E  translator  computer  to  convert  data  between  the  SEEK  BUS  TDMA 
message  formats  used  on  the  radio  network  and  the  modified  NADGE  formats  used  for  t  i  k  inputs  to 
LINESMAN.  Input/output  to  LINESMAN  was  through  a  crosstell  channel,  usually  assigned  to  the  Vedbaek , 
Denmark,  early  warning  CRC.  The  shelter  was  parked  adjacent  t o  the  tront  of  the  ADDC. 


412L  Interface 


During  11  April  through  20  April  1975,  the  Lauda,  Federal  Republic  of  Germany  (FRG),  Control  and 
Reporting  Center  (CRC)  was  a  participant  in  the  SEEK  BUS  network  through  the  terminal  of  Shelter  B. 

The  412L  system  is  an  automatic  radar-centered  tracking  system  with  a  group  of  special  purpose 
processors  which  track  and  display  aircraft  positions  from  the  local  prime  radar.  These  local  track 
positions  are  collated  with  tracks  crosstold  from  adjacent  CRCs  to  provide  a  dynamic  composite  air 
situ  »•;  ron.  Computer-aided  weapons  direction  and  automatic  crosstelling  of  the  local  data  base  also 

( i  o  provided, 

■  ’t  :  B  provided  a  PDP-8/E  translator  computer  and  4 1 2L  modems  to  convert  the  data  between  the 
•SEEK  BUS  TDMA  message  formats  used  on  the  radio  network  and  the  mod i f icd-NADGE  formats  used  for  track 
;  •  1  ’I  .  Input /Out put  to  412L  was  through  crosstell  Channel  11,  with  the  Shelter  parked  at  the 

Re  . • . er  Site  and  tied  by  phone  lines  to  the  modems  in  the  operations  bunker. 

STRIDA  II  Interface 

The  STR1DA  I I/SEEK  BUS  Interface  (Shelter  C)  was  installed  initially  on  8  April  1975  at  the 
STRIDA  II  site  Sector  Operations  Center  (SOC),  Contrexevi lie ,  France.  Operational  checkout  was 
completed  on  11  April  1975.  The  interface  was  utilized  thereafter  in  conjunction  with  planned 
demonstration  exercises,  terminating  on  21  April  1975  with  the  completion  of  the  special  "French" 
exercise  which  employed  dedicated  French  aircraft  as  interceptor  and  faker  target  aircraft. 

The  STRIDA  II  system  is  a  decentralized  network  of  air  defense  command  and  control  elements  that 
comprise  a  set  of  air  defense  sectors.  Each  element,  such  as  the  site  at  Contrexev i lie ,  performs 
functions  of  survei 1  lance,  detection,  identification,  tracking,  and  intercept  commitment  and  control 
based  upon  data  derived  from  collocated  and  remote  radar  sites.  Also,  information  is  obtained  from 
and  sent  to  other  System  sector  elements  via  landline  crosstell  channels.  STRIDA  II  sites  also 
interface  with  NATO  sites  for  exchange.  Internally,  the  System  interfaces  with  civil  air  traffic 
control  systems  at  the  radar  level  for  plot  data,  flight  plan  data  and  track  data  exchange. 

The  STRIDA  II  system  employs  modified  Link  1  NATO  standard  S-Series  messages  for  the  exchange  of 
digital  track  and  track  management  information. 

Shelter  C  was  an  air  transportable,  ground-mobile  militarized  shelter.  The  equipment 
configuration  consisted  basically  of  a  SEEK  BUS  terminal,  a  Link  1/SEEK  BUS  translator  computer,  and 
a  TADIL  B  modem  that  provided  the  physical  means  for  interfacing  with  the  STRIDA  II  System  via  one  of 
its  input/output  channels.  The  interface  provided  two-way  communications  between  the  STRIDA  System 
and  the  SEEK  BUS  net.  The  Translator,  a  PDP-8/E  computer,  provided  the  basic  means  for  exchanging 
digital  in  format  ion  by  translating  bilaterally  between  the  STRIDA  (Link  1)  S-Series  messages  and  the 
SEEK  BUS  messages. 

NTDS  Interface 

The  NTDS/SEEK  BUS  Interface  (Shelter  C)  was  installed  initially  abodrd  the  USS  Wainwright 
(DLG-28)  on  22  March  1975  at  Naples,  Italy.  Installation  was  completed  on  25  March  and  system  tests 
initiated.  System  testing  was  conducted  from  this  period  until  4  April.  On  5  April  the  system  was 
utilized  for  the  NTDS/E-3A  preliminary  test  and  on  6  April  the  NTDS/E-3A  demonstrat ion  was 
conducted.  Shelter  C  was  off-loaded  on  7  April  for  shipment  to  the  STRIDA  II  site  at  Contrexevil le , 
France . 

The  Navy  Tactical  Data  System  (NTDS)  is  a  command  and  control  element  of  a  general  tactical  data 
system  which  is  used  for  the  detection  and  control  of  air,  sea  and  underwater  targets.  Each  NTDS 
element  is  comprised  of  high-speed  data  processors  and  operator  consoles.  Each  element  operating  as 
a  participating  unit  of  an  overall  system  communicates  with  other  elements  via  a  Link  11  (TADIL  A) 
communications  net  using  standard  M-Series  digital  messages  for  the  dissemination  of  track  and  track 
management  information.  Each  NTDS  derives  local  track  data  from  its  shipboard  radar  and  other 
detection  devices  and  from  remote  data  received  from  remote  NTDS  and  Airborne  Tactical  Data  System 
(ATDS)  elements  via  Link  11  communications. 

The  NTDS/LINK  11/SEEK  BUS  Interface  was  comprised  of  equipment  and  computer  programs  physically 
installed  in  Shelter  C,  an  air-transportable,  ground -mob i le ,  militarized  shelter.  The  equipment 
configuration  consisted  basically  of  a  SEEK  BUS  terminal,  a  Link  11 /SEEK  BUS  translator  computer,  a 
multiplexer,  and  specialized  adaptor  equipment.  The  translator  computer,  a  DF.C  PDP-8/E,  provided  the 
basic  means  for  the  exchange  of  digital  information  between  the  Link  11  M-Series  messages  and  the 
SEEK  BUS  messages.  The  multiplexer  provided  the  means  for  time-sharing  the  flow  of  information  from 
the  local  NTDS  and  the  SEEK  BUS  to  the  Link  l l  net. 

407L  Interface 


During  the  period  from  1  April  to  21  April  1975,  a  407L  CRP  and  the  SEEK  BUS  ground  terminal  of 
Shelter  D  were  in  position  at  SHAPE,  Belgium,  as  participants  in  the  demonstrations. 

The  USAF  4071.  is  a  mobile  system  including  a  long  range  3D  radar,  a  high  speed  computer, 
multipurpose  display  consoles,  and  the  communications  facilities  necessary  to  provide  netted 
surveillance  and  weapons  control  capability  in  a  tactical  environment. 

The  Croon  'rminal  (Shelter  D)  was  interfaced  with  407L  through  a  direct  cable  connection  to  an 
unused  I/O  channel  in  the  Hughes  4118  computer.  Special  operational  software  was  used  in  4071.  to 
provide  expanded  interaction  with  the  SEEK  BUS  net. 


40-8 


NADCE  Interface 


From  21  March  through  21  April  1975,  the  crosstell  digital  two-way  interface  of  Shelter  A  was: 
connected  to  the  NADCE  Combined  Control  and  Reporting  Center  (CRC)  and  Sector  Operations  Center  (SOC) 
at  Uedom,  FRO. 

The  CRC  is  a  prime  automatic  radar  tracking  participant  in  the  NADCE  Air  Defense  System  of  Europe 

The  Uodem  CRC  had  prime  radar  tracking  responsibility  for  all  demonstrations  conducted  by  the 
K  )A  when  it  was  based  at  Kamstein  AFB  in  I  he  FRG. 

The  NADGE  system  is  an  automatic  radar-centered  tracking  system  with  a  group  of  special  purpose 
processors  which  track  and  display  aircraft  positions  from  the  local  prime  radar.  These  local  track 
positions  are  collated  with  tracks  cross— told  from  adjacent  CRCs  to  provide  a  dynamic  composite  air 
situation.  Computer-aided  weapons  direction  and  automatic  crosstelling  of  the  local  data  base  also 
are  provided. 

Shelter  A  contained  a  PDP-8/I  Translator  computer,  along  with  the  standard  SEEK  BUS  equipment  and 
computer,  and,  in  addition,  contained  a  Tactical  Modular  Display  console  driven  by  the  PDP-8/I,  The 
TACMOD  display  was  helpful  in  the  checkout  and  integration  of  SEEK  BUS  with  the  NADCE  computer  and 
display  systems. 

SEEK  BUS  Performance 


In  an  information  distribution  system  such  as  SEEK  BUS  the  functional  performance  is  difficult  to 
quantify.  As  indicated  previously  the  technical  performance  determination  was  not  a  major  criteria 
of  the  demonstrations  since  an  Interim  SEEK  BUS  capability  was  being  used.  It  is  significant  that 
the  information  conveyed  is  properly  registered  among  sites  and  that  adequate  coverage  and  reliable 
information  throughput  are  attained.  SEEK  BUS  succeeded  in  these  areas. 

Regi st  rat  ion 


Registration,  the  extent  to  which  data  available  from  two  or  more  sources  coincides  in  position, 
was  measured  among  the  various  sites  participating  in  the  data  network.  During  check-out 
mathematical  accuracies  were  measured  by  crosstelling  simulated  tracks  with  known  positions, 
observing  the  resulting  locations  of  the  told-in  tracks,  and  comparing  the  discrepancies.  The 
registration  errors  found  during  checkout  were  composed  of  two  major  components:  the  mathematical 
inaccuracies  of  the  programmed  coordinate  conversions,  and  actual  differences  in  reported  position  of 
targets  detected  by  different  sites  due  to  misalignments,  faulty  knowledge  of  own  position,  or 
calibration  and  drift  errors  in  equipment.  At  the  completion  of  checkout,  registration  at  all  sites 
ranged  from  zero  to  1  mile,  which  was  equivalent  to  the  quantization  accuracy  of  the  readouts  used 
for  the  analysis. 

During  each  mission  multiple  tracks  were  established  on  the  KC-135  relay  aircraft.  Comparisons 
were  made  between  the  track  positions  reported  to  the  network  by  each  participating  element  which  had 
the  relay  in  its  own  radar  coverage.  In  each  case  where  the  relay  was  tracked  properly  (no  operator 
mistakes  or  inattention),  the  reported  tracks  all  fell  within  a  1  to  2  mile  radius  of  each  other  and 
of  the  relay's  own  estimated  position. 

Net  Operations 


In  general,  all  SEEK  BUS  terminal  net  operations  worked  well.  There  were  no  system  timing 
problems.  Net  range  performance  was  as  expected  (175  to  360  miles).  The  relaying  capahi 1 itv 
produced  the  desired  results.  Message  error  rates  experienced  at  the  various  terminals  were  less 
than  10%. 


Essent ia I ly , 
necessary. 


net  operations  experienced  no  problems  and  no  changes  to  the  terminal  computers  were 
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others  were  developed.  Additionally,  inertial  systems  displayed  a  remarkable  growth  others  were  developed.  Additionally,  inertial  systems  displayed  a  remarkable  growth 
over  the  past  two  decades,  and  now  proliferate  in  military  and  civil  applications.  The  over  the  past  two  decades,  and  now  proliferate  in  military  and  civil  applications.  The 
necessity  to  develop  precision  position  determination  systems  led,  inevitably  to  the  necessity  to  develop  precision  position  determination  systems  led.  inevitably  to  the 
1  KANSU  satellite  system  used  in  both  military  and  civil  applications  at  sea.  TRANSIT  satellite  system  used  in  both  military  and  civil  applications  at  sea. 


c  «/  £ 
5  £  c 


Curt 


o.|  5 


—  !/) 

O  1)  "3 

"■S  5 
■S  *  = 


1 1 1 
a c  | 

C/l  .O 

o  £  e 
2  £  — 


C  U 

5  =  H 

"3  *-■  <-> 

o  0  C 

£2’o 

c-  — > 


H  < 
Q.  (/i 

O  -u  "O 


c  >,  c 
.2  *3  .2 

III 

cg-l 

c  £  c 

;g  «  — 

22  &  .0 

is  o 

C  «  « 
»-  r~  f— * 
“O  ^  «-* 

o  .2,  .5 


=  a  2 


O  <L>  T3 

•g  -5  g 

u  ■O  _ 

1-g.l 

•73  cS  tn 

M  >* 
•  •  O  ^ 


3Q  « 
aa  n£  e 

.3  <  c 

1^1 


C3 

-§>  i  o 

-  £ 

Ck.  C  -J  CO 

- !  Sc  -I 
“  isi 
2  $ 


ISBN  92-835-13304  ISBN  92-835-1 330-4 


VA 

NATO  ^  OTAN 

7  RUE  ANCELLE  ■  92200  NEUILLY-SUR-SEINE 
FRANCE 

Telephone  745.08.10  ■  Telex  610176 


DISTRIBUTION  OF  UNCLASSIFIED 
AGARD  PUBLICATIONS 


AGARD  does  NOT  hold  stocks  of  AGARD  publications  at  the  above  address  for  general  distribution.  Initial  distribution  of  AGARD 
publications  is  made  to  AGARD  Member  Nations  through  the  following  National  Distribution  Centres.  Further  copies  are  sometimes 
available  from  these  Centres,  but  if  not  may  be  purchased  in  Microfiche  or  Photocopy  form  from  the  Purchase  Agencies  listed  below. 


NATIONAL  DISTRIBUTION  CENTRES 


BELGIUM 

Coordonnateur  AGARD  -  VSL 
Etat-Major  de  la  Force  Adrienne 
Quartier  Reine  Elisabeth 
Rue  d’Evere,  1 140  Bruxelles 

CANADA 

Defence  Scientific  information  Service 
Department  of  National  Defence 
Ottawa,  Ontario  K1A  OZ2 

DENMARK 

Danish  Defence  Research  Board 
Qsterbrogades  Kaseme 
Copenhagen  0 

FRANCE 

O.N.E.R.A.  (Direction) 

29  Avenue  de  la  Division  Lederc 
92  Chatillon  sous  Bagneux 


ITALY 

Aeronautica  Militare 

Ufficio  del  Delegato  Nazionale  all’ AGARD 
3,  Piazzale  Adenauer 
Roma/ EUR 

LUXEMBOURG 
See  Belgium 

NETHERLANDS 

Netherlands  Delegation  to  AGARD 
National  Aerospace  Laboratory,  NLR 
P.O.  Box  126 
Delft 

NORWAY 

Norwegian  Defence  Research  Establishment 
Main  Library 
P.O.  Box  25 
N-2007  Kjeller 


GERMANY 

Zentralstelle  fur  Luft-  und  Raumfahrt- 
dokumentation  und  -information 
c/o  Fachinformationszentrum  Energie, 
Physik,  Mathematik  GmbH 
Kernforschungszcntrum 
7514  Eggenstein-Leopoldshafen  2 

GREECE 

Hellenic  Air  Force  General  Staff 
Research  and  Development  Directorate 
Holargos,  Athens,  Greece 


ICELAND 

Director  of  Aviation 
c/o  Flugrad 
Reykjavik 


UNITED  STATES 


PORTUGAL 

Direcfgo  do  Servijo  de  Material 

da  Forca  Aerea 

Rua  da  Escola  Politecnica  42 

Lisboa 

Attn:  AGARD  National  Delegate 
TURKEY 

Department  of  Research  and  Development  (ARGE) 
Ministry  of  National  Defence,  Ankara 

UNITED  KINGDOM 

Defence  Research  Information  Centre 
Station  Square  House 
St.  Mary  Cray 
Orpington,  Kent  BR5  3RE 


National  Aeronautics  and  Space  Administration  (NASA) 

Langley  Field,  Virginia  23365 

Attn:  Report  Distribution  and  Storage  Unit 


THE  UNITED  STATES  NATIONAL  DISTRIBUTION  CENTRE  (NASA)  DOES  NOT  HOLD 
STOCKS  OF  AGARD  PUBLICATIONS,  AND  APPLICATIONS  FOR  COPIES  SHOULD  BE  MADE 
DIRECT  TO  THE  NATIONAL  TECHNICAL  INFORMATION  SERVICE  (NTIS)  AT  THE  ADDRESS  BELOW. 


PURCHASE  AGENCIES 

Microfiche  or  Photocopy 
National  Technical 
Information  Service  (NTIS) 

5285  Port  Royal  Road 
Springfield 
Virginia  22161 ,  USA 


Requests  for  microfiche  or  photocopies  of  AGARD  documents  should  include  the  AGARD  serial  number,  title,  author  or  editor,  and 
publication  date.  Requests  to  NTIS  should  include  the  NASA  accession  report  number.  Full  bibliographical  references  and  abstracts 

of  AGARD  publications  are  given  in  the  following  journals: 

Scientific  and  Technical  Aerospace  Reports  (STAR)  Government  Reports  Announcements  (GRA) 

published  by  NASA  Scientific  and  Technical  published  by  the  National  Technical 

Information  Facility  Information  Services,  Springfield 

Post  Office  Box  8757  Virginia  22161.  USA 

Baltimore/Washington  International  Airport 
Maryland  2 1240.  USA 


Microfiche 

Space  Documentation  Service 
European  Space  Agency 
10,  rue  Mario  Nikis 
75015  Paris,  France 


Microfiche 
Technology  Reports 
Centre  (DTI) 

Station  Square  House 
St.  Mary  Cray 
Orpington,  Kent  BR5  3RF 
England 


$ 

Printed  by  Technical  Editing  and  Reproduction  Ltd 
Harford  House.  7-9  Charlotte  St.  London  WIP 1HD 


ISBN  92-835-1330-4 


